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INTRODUCTION 


The University of Patni did me the honour m 1920 to appoint 
me Reader m Ph\sics and I was asked to deliver x course ot lecture 
during the winter of 1921-22 The lectures under the conditions of the 
appointment were to be published It is clear that m India it least 
one part of the University Reader s duty is to codify existing branches 
ot a subject lather than to impart new 1 novvledge the jumoi staff and 
a emoi students are thereby given an opportunity foi a general sun ey 
of a wide field With th s object \ have aimed at giving a connected 
sketch of what I Judge to be the principal lints of research which are 
m progress at the present time b 10 m what has been touched on much 
important work has obviously been omitted many valuable re earches 
have necessanlv not even been touched on 

Incases where two lines of investigation weie legarded xs of almost 
equal significance yet for want of time one had to be omitted I have 
endeavoured to choose wliat 1 believe to be the less xccessible \xi 
xlternative of this kind is presented m the Researches of Bragg on 
Crystal Q tructuie and ot Aston on Atomic weights I chose the lxttei 
In preparing thest lectutes foi the Piess I have to some extent 
leairanged then older lot instance — Lectuie 4 was actually deliveud 
before Lecture 3 1 have also made a lew additions notably on the mi 

portant recent w oik ot Whittakei on Quantum Mechanism and of b wnu, 
on Ferromagnetic Models 

b P H 

Caicutj A 
Oclobe 7 1922 




LECTURE T 


Uu directed cfloits of physicists during tin past dec ide have 
ttlen tlu foim ot i peculiarly intensive itt ick on the intimate 
constitution ot matter Lt is tiue tint foi hundreds ot years the 
solution of this item problem has been the final goal of the 
ntui al philosopher but it stem as though lecent rese rch ha 
bun it vaidtd by discovery almost more abundantly than m the 
^oldtn days ot Newton fn the tree tox knowledge something of 
the natuic of a spurt has been made the last coiner seemed 
it tu ally to ha\t been tounded baat the v ew instead of piovidmg 
t lie hoped for glimpses ot phenomen a compi chens able revealed a 
go ll more it mote than before ly mg dimly on the horizon of new 
and untxploicd country 

Fn fief dist aiding the language of metaphor the solution ot 
the mystciy ot miltci and enei B y as the philo opher would al 
w ly s have told us was poiceived to be thrown back on othei 
my stc lies pei haps more ti ansoendental th t tnv thing previously 
in man s puivuw It is nay task in this course ot lectures to try 
fo set betoit you what I conceive to be the more impoitant 
methods ot attack on the constitution ot matter which have been 
tie \ eloped since the blight and hopeful years which immediately 
preceded the & ic at war of 1914 It is not ot course necessary to 
it mind 1 Umvasity audience that the foundation — the fiist begin 
mugs — of the new advances to which I have alluded lies in the 
discern rv ot the negative election as a common constituent ot all 
matte i I he ne 0 ativc electron is now to us areal entity Th°ie 

is ne> loomfoi doubt tint down tins tube m which the an pressure 
is i educed to ot a mm of H to thcie passes hom the cathode 
i stream ot these negatively chaiged entities moving tieelv (on 
account ot the ic rnoval of the an molecules) with velocity th oi so 
of tint of h^ht whose mass unlil e any masses known 20 yt u 
i e o men is< s as a definite function ot then -velocity and whose e lee 
file al chaise < has been mcasuied by experiment and lound to be 
always the same hom whatever foim ot mattci the election may 
have pioecedcd and to 1 e moieovci the smallest charge which has 
ever been observe d md piobablv one ot the natmal constants 
the innumerable instances in modern physics m which the charge 
on the nc 0 itivc election is involved make it ot the gieatest impoi 
lance to obt am a stand aid d< tcirmnation ot its value 

I his has been done by Millil an and as the method employed 
seems to open up seveial avenues foi ncwrcsouch and has llieady 
yielded lcsults of gic at interest in connection with the mechanism 
of ionisation l shill begin by describing Millikans expeumcnts 
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It will be lemembered that the manner m which Thomson origin 
ally found the value of e is briefly is tollows 

Positive md negative ions are produced by Xnys ni a wet 
gas and the total negative chaige F per e c is measured 

Aftei a sudden expansion of the gas a cloud is foimcel th 
ions acting as condensation nuclei and the weight M of the loud 
is obtained by calculation from the density of the saturated 
vapour The average radius a of the drops is found by observing 
the rate of fall of the top of the cloud and employing Stokes law 

Hence M — v where n the only unknown is the nnmi ci f 

drops m the cloud and / is the density of watei Dctcim nin^ n 

from this equation we calculate — = e the election charge roqum d 

This method assumes that — 

( 1 ) There is one and only one ion in each diop 
( 11 ) Stokes law is true for the fall of such diops tint u^h a 
gas 

d 11 ) There is no evaporation during the meisiuements f 
the velocity of fall of the cloud 

None of these assumptions are strictly tiue 

Millikan s method m its final form depends on the pi oduction 
of a spray of veiy fine drops of oil which usually have a fiictional 
charge to start with and which can be introduced mto the legion } 
between the parallel plates of an air condensei (Jhig 1) [the pi it s 
were optically worked and weie p mallei to within a ftw \ iv 
lengths of sodium light] If the oil drops aie ilium mitt cl md m 
individual drop of diameter perhaps 000 3 cm is obscived by 
means of a micioscope it will of course slowly fall down on tc th< 
lower plate under gravity 

If however an electrostatic field is put on the field according 
to its sign either pulls the diop upwards against gt ivity oi aids 
gravity m pushing it down Clearly the field can be adjusted 1 
balance the effect of gravity so that the diop (ithtx umuns 
otationary or is endowed with any desired velocity of descent 
Now it was found that if X rays were allowed to ionise the ^ is 
between the condenser plates during the obseiv ation of the spe < d 
of fall of an oil drop an air ion often attached itself to iJ e c h ^ l 
drop consequently the speed of the drop m the field of the con 
denser changed 

From observation of the initial speed of a charged dicp and 
of the change of speed on picking up an ion the following qu inti 
ties were measured — 

(i) Ratio of the frictional charge to the ionic charge md 
hence the number of electrons actually earned by 
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the oil drop lr virtue of its fnctional charge This 
number varied on different drops from 0 up to 200 
beyond which the accuracy of the velocity mea&uio 
ments were not valid 

(li) The mass of an oil diop can be determined to 
10 000 ^ ily* nnlligiam by b dancing the field against the giavit^ 

effect on a diop with known charge —a remarkable achievement 
(m) The absolute value of e 



The accui ate measuiemcnt if this l<?st qua itity which was the 
pumaty object of the research involves a knowledge of the condi 
tions under which Stokes law tails It is fairly clear that this will 
begin to set m when the radius a of the drop becomes compat 
able with the mean fiee path \ of the molecules of iht gas Tn 
deed the formula is based on the assumption that a is large com 
pared with \ 


Thus a coirectmg factoi of the foim 



will have to be 


*1 


plied 
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Expanding m undeteimmed multipluis this c m be c \ pressed 


'GMs) +°® 


whence neglecting squares ot 


-wc ma> write the u>! t< < U d St< 1 < s 
a 


law 


(since X oc */£>) 


i 


2 get 

9 “7 



1+4 



wheie v is the velocity ot fall of the diop unde i i\it\ uui / 
are densities of drop and medium respectively a is the i idius i 
the drop y is the viscosity of the gas medium and p istlu pussuu 
of the gas 

The actuxl way in which Millikm dctc i mined th< <hug< w i 
as follows — 

T et e be the requited ab°olutc value 

e, be the oppaient value obtained by msiimrn^ th< uiu i 
rected Stokes law 9t va ious pressings 

Then by compaimg velocities and employ uv the <<n<<t<d 
Stokes law it can be show n that 

e= e, + A 

01 e ^ — Ae I + c ^ (1 

/ 8 

which if e is a constant and the modified Stol es Uw is tint is 
linear in- On plotmg e /s against ^ Wmjht line i 

actually obtained (Fig 2) die value ot € is th<n li sui \^ 
extrapolation iiom this line which conesponds t < — — o — — 
Hence for this \ alue ot c, the ficc path turn ditsii t n< in 
and e/ =e 8 from ( 1 ) 

The final value of e the icsult of the se me asui <mt ills n< w 
genei ally accepted at. a standaid gives 

e=4 774x10 0 ± 005x10 elcetiobtatu units 

The importance of a standard determination ot tins < h aige < 
is obvious when it is realised how many physical quantities dt pc nd 
oil it For instance it enables the mass of the negative eleetion 

(9x 10 grams ) to be found from the mexsured values of ~ tlu 

ni 
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ladiufc of the electron (1 9X 10 5 em& ) is then calculable from 

theoietical formulae while a knowledge of e is also needed m 
finding the absolute mass of any atom and m questions concei mng 
V ray wave lengths and Planck s ladiation constant 

Millikan m more recent work has employed the method of 
balanced drops to investigate the number of elections lost by i 
gas molecule when ionised It is found that when the ionising 
agent is X rays or /? oi y lays fiom ladium m eveiy case only one 
electron is detached from the molecule leaving a singly charged 
ion When X rays axe used m 99 cases out of 100 a single election 



is detached I Ik remaining i pei cent oi cises appu ntly ^ive 

i doully charged ion 

The method seems to have yielded ah adv a ^xo \t dc al f 
mfoimatim m the mechanism ot lomsati m which bens directly 
>n the const tution of th gaseous xon 

Let us turn now t) the much more subtle problem ot the 
onstitution of the nc^itivc election 

bide by side with the miss ot dncct experimental (vielence 
fir the existence and prmcipil piopcities >t minute chaiges in 


Tie ndefm tenes of the exp e on ad us of the elect on eeogn ed 
nd one mean ng at least s a o ded to t below t must not be a sumed tl at 
the elect on conce ved of a a d c ete pa t clo w th a 1 a p bo nda y 
neverthele f only fo b ev tj t ha dly po ble to avo d att but ng a defi 

n te rad u to tl o eg on occup ed by the negat ve cha ge e though all sucl 
n tances mu t be nterpreted n the en e nd cated by elect omagnet c* theo y 
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motion theie has grown up m the writings ot Kelvin I oicnt/ 

J J Thomson Abraham and I aimox 0 purely tli< outic xl tlcc lion 
which has been developed largely with the object ot xcccimting 
for the known phenomena but which m some due c lions his urti 
cipated discovery 

The basis of al] theories of the election xncl of its bchivioui 
when m motion lies m the arbitiary assumption oi 1 local modi 
hcation m space to which the ordmai> electio magnetic < qiu 
tions or equations denved fiom the Maxwell system but m< dihe d 
according to the theory of Relativity can be applied Oi th< 
nature of these local modifications 01 icgions oi definite volume 
density we have no physical conception Wc moitl\ assume ih it 
the localised electric change whatevci that mxy mean is sul 
-ject to the iction of foice — which is the electnc foxet Moieovci 
the charge mxy h ve any distubution It is evidint howcvci 
f om the essentials of the theory that the total volume oxer -which 
individual chaiges xre distributed must re exceedingly sm xll m 
comparison with the total volume of any poition ot mattd which 
can be directly observed In calculating the woil done in ^ivm^ 
a velocity v to a charge (thus obtaining an expression ot th< 
form \Mv (wheie M is analogous to a mass) various xisumpti ns 
have been m de as to the distribution of the chxigc I 1 

instance J J Thomson assumed 1 point clxuge xt the centie ot 1 
small spheie of xadius ? xnd found this radius on the issumpti n 
that the ratio of the electucal energy outside the region to ih it 
inside is negligibly small (See foot note page r ) 

Abrahxm on the other hand assumed the clixi^c tc be disti 
buted on the su face of a conducting spheie The lcsult m both 
cases (when the velocity is not moie than one tenth that ot light) 
indicates that the moving charge behaxes as though its n^ind 

mass (if any) vcie nci eased by pui Jy ckttn rl m iss I 

where A is a numerical factoi slightly different on the t w In p 
theses 

As the speed of the election appioaches that rf h^ht this 
electromagnetic mass mcieases rapidly in ordtx to c ilculate ill 
relation between velocity and mass various conc< ptions h xvc be < n 
adopted is to how the dimensions of the electron arc affected by its 
velocity For instance Abraham assumed constant dimensions it 
all speeds which gives a rigid electron whereas Lorontz reg xrded the 
electron as contracting in the direction of motion The two methods 
give a different relationship between v md the mass but which 
ever hypothesis is adopted the general conclusions aie tlu same — 

(1) when the centroid is accelerated the election radiates 
energy 
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(11) the appaient mass is proportional to the speed and 
the mass for tiai s verse accelerations (at right angles 
to the direction of motion) differs fiom that fox 
longitudinal accelerations when the velocity is high 

Now the mea&uiements of Bucheiei on the x ariation of mass 
with velocity of particles fiom Radium fluonde are m agreement to 
3 % with the theoretical relation g ven by Loreniz thus confirming 
the contractile theory of the election and mcidently supporting 
the Relativity theory In addition this confirmation ot the theore 
tical toimula shows that clectionic mass is wholly electromagnetic 
toi if any part of it weie ordinary mate ill mass the observed 
variation with speed would be less thin that given by either of 
the theoieticil ioimulae both o± which at e b sed on i puiely electro 
magnetic hypothesis 

Although the usuil foim with which the lection lias been 
c ldowed is that of a spheie fin the Lorcntz type chingmg to an 
oblate spheioid vhci m motionj the investigation ot othei forms 
has pei haps been governed moie by the hm tations of mathemit 
cal analysis than foi any definite physical i^ason 

Ot recent yeais however several experimental lcsults have 
been obtained which udicate that it will bo recess ara to pay rnoic 
attention to the structure of the negative electron Ltscll if we arc 
tc succeed in explaining tli ise lcsults cn the basis of in lection 
theoiy at all The expe iments [ icfei to uc four in num! ei 

I When X i ays fall oi i pi te sav of alummi im the njs 
ic catteicd forwards bickivaids and sidewxvs The distubu 

tion is h wever asymmetnc the toiw ltd mt asity exceeds the 
\ acl w a d intensity and is not iltogethei m conformity with the 
< din aiy the ly ot the nter ic t t V 1 ays v tl tlx (lee tic ns in 
tin sextte mg pi it 

II tot mm Jia ibs i\ed tint non has a ^ c ate i abs i ption 
c icfficient foi V 1 ays vhen magnetised parallel to the X lay beam 
that it has when unmagnetised In otliei words the energy scat 
tcicd would appe u to be a n iximum when the ucn s ma^n tised 
ilon & definite axis 

III The ion sat ion produced 1 y \ 1 lys sex ceelin^ly small 
m a gis at the most it only results m the production c t < ne ion fo 
every 10 1 gas molecules Why should this \ e ? It ic oks as 
though theie may be only one plane m which the election can 
ibsorb enough encigy from the pulse to e ft ect lonis ation 

IV Lt lias been observed by C I R Wilson that tli paths 
ot ft and secondary cathode rays < xcited by X r ays m an and 

x imined by slerooph >togr aphs usually terminate m converging 
helices The helices may b( right oi left handed and the axes are 
ippirently orientated at xandon 
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It does not seem easy to account foi xny of these obs i\ iti< ns 
on the ordinal y unstiuctui xl electron theory 

The most piomismg type of election stiuctuie which his been 
hitheito propounded is probably the ring election suggested by 
M Laren m 1J13 and by Parson m 191 xnd used by the 1 xt t 1 
in building up a new atomic theoiy Of this theoiy I shill hxv< 
occasion to spe^k latei but it would not be xppropuxtc to t include 
this lecture without some description of the ung election list It 
It is regarded as the limiting suifxce of the aetlm shxped lil < 


2 



an anchor ung Tubes of electnc induction end on tin smfu 
and give it a charge The charge is rotating round the niv with 
the velocity of light 

Magnetic tubes will of course be linked through the ung mal 
mg it into a minute permanent magnet Its si/e is estmxxtcd by 
Parson to be of the order of 10 0 cm Thus the img is conu i\ <] 
by him to be somewhat smaller than the ordmxrily xeceptcd dnni 
etei of the atom which is 10 8 cm 

The ring electron has been described by Larmor as m un 
penan molecular permanent cunent and ho points out that tin 
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thing ib not leslly a physical unit — £)i instance a senes o± elec 
tions constrained to xevolve lound a channel would behave m the 
same way Thus the new conception so it appeals to me ieall\ 
lies m assuming that such ch annels have an independent existence 
The total angulii momentum of a ling election is a quantit\ 
which has a 1 eaung on the stiucture of the feno magnetic atom 
and which will be referred to m a subsequent leotuie 

It can bu calculated quite easily as has been shown by Allen 
Each Farad a v tube is lot tmg jound the Z axis with ngular 
\elo w (fig 3) 

The equivalent mass of a tube pei unit volume-=47r A where 
N is the electric polansation 

If SQ is the angular momentum pci unit volume 

^ = 4tt/ N (> ) 

but the magnetic field is — H = 4ttA t > 



and the total momentum s i = ^xthe eneigv t the magnetic 
held 

- Jr L 

= - x J Li — 

CD CD 

vhere L is the coefficient of self ind i ti n and i is the cum nt 


Now 

and 


tlieic toic 


I = N 
e Ne 

CD 2 TT 2iTT 


= thc number < t magn t c tub 
linl ed tlnough the elect on 

vl le \ s th numbu t 

1 1 ( st atic tu! 



V 


1 his is ndep ndent of the i » to (/lift/ n/ 

On tli issumpt cn tint lections of this 1 ind & o te build i v 
the stiuctui of the atom a qualitative explanation is affoidcd t 
the asymmetric catteung xpenments the X ray ibsoiption in 
magnetised non ind the svr all amount c t ionisation m ^ases 

In each of these cases the e ffcct >1 seive d would be due tc m 
isymmet y m the election itselt and not to the atom is a whole 
foi Bi agg s expei iments have shown that m \ i oy ditli uti on anel 
absoxption the election is the entity involved In th case ef the 
Wilson helices it is suggested by Shimizu that the election has a 
definite magnetic polanty which on account of gyrostatie action 
does not change xapidly m duection Hie introduction of the 



10 


THE CONSTITUTION Of MATT1 R 


ring election would be expected to induce m xgnc tis xtron in tlu sui 
rounding air molecules and this would hue the sxme effect on th 
electron as an external field of the sime intensity In tlu sc en 
cumstanccs the path would be a helix convti^in^ is the velocity 
of the election decreased 

When we attempt to build up a thcoi c tic xl xtom on tlu bxsis 
of the negative electron is it is known v xnous consult 1 itions arise 
involving us m entirely new hypotheses Wlxxtevei may be tlu 
detailed structure of the negative elections it is ividtnt tint since 
they form an important pait of xll xtoms tlity must be issociaUd 
m any particular xtom so x to produce x complex which is net 
only stable but electrically neutial Neuti xlity is supposed t< 1 < 
attained by giving the xtom in xddition to its negative elections i 
distribution of so calk d positive electricity Such in tssump 
tion is of course ail ltiaiy but certunly positive clni h (s xit oh 
served in association with mxttei Tn any < xsc n mu his su h 
gested an alternative conti oveisy lias merely centre cl lound the 
form of the positive distribution The only difference s> Fai as 
calculation is concerned between \n element of positive ch u^e xnd 
one of negative is the difference which foims the bxsis of the well 
known definitions of electrostatics no physic xl cone ption of tlu 
expression chaige eithei positive oi negative his ever bun pro 
posed it remains one of the fundamental mysteries xnd the ques 
tion of its two fold nature is unxnswered and xlmost unxsl ed 

It is remarkable that constdei ations of the Re 1 xtivity of fep uc 
xnd T me lead to the conception that it is electric chxi^c t itlu 
than mass which is conserved m the universe 

How the othei quality of the xtom txbihty is supp>sed t 
be xttamed I reserve foi x subsequent lecture 
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The attempt to discos ei the mechanism ot tin ilom h is 
developed during the past few years along two m am line s 

The first may be likened to the methods ot an Intelligence 
Department m the Aimy The second to those ot m Ycljutant 
General s or Fighting Branch the section of dm cl hunt U itt it I 
The Intelligence Department occupies itself m obscivin^ xnd ilassi 
fymg the automatic records produced by the atom md i vhi’ute <1 
m such phenomena as speetta spectr il senes theim il i tdntion 
X lay emission Radioactivity Having collected a 1 irgi numbi i 
of facts under these heads the ittempt is nude to invent in atom 
which by its behvvioui under vanous conditions would b< c \|>( cti<l 
to reproduce the obseived phenomena 

In this attempt all the resources ot mans 1 nowle dgc in 
genuity and mathemati al skill are available but mtuiillv it is 
impossible to work backwards md to mfei tiom the sptclii oi 
other phenomena what kind of atom to stait with Hit atom 
must be invented de novo its behavioui deduced ind tlu nsult 
compared with the facts Acting alone this process w ould it \ 
tremendouslv wide latitude for hypotheses ot atom stiuiture 

By good foitune however the other Department of iesc ueh 
to which I have alluded and which has quite recently been de 
veloped provides us with certain limiting conditions to wlueh ill 
atoms must initially conform These conditions are the lesult ot 
direct experiment on the atom itself lienee it is impossible t > 
ignore them when designing the architecture of a model Incle cel 
if the experiments aie sound any discussion ot atom mechimsnis 
which do not conform would probably be waste of time 

In the present lecture I shall review some lecent w oi k m w luc h 
a direct frontal attacl of this nature on the atom has been < mud 
out bj bombarding mattei \ ith high velocity projectile s in t he f< i m 
of particles from radium C and shall consider the limiting < ondi 
tions which have been determined 

The first experiments of the kind were performed by (. ei n c i ind 
'Marsden in 1909 and arc still proceeding undm the inspires ol Su 
Frnest Rutherford and his students 

As you are doubtless aware an paiticlo is a helium it om which 
has lost two negative electrons and possesses theiotoie a charge ot 
-j-2e It possesses practically all the mass of the atom (which is 
6 5x 10 -24, gram 1 and its speed in air at N T P is known to be ot 
the order of 10® cm/sec {=12000 miles a second) before it ic aches 
the end of rts range When a single particle strikes aseieen 
made of fine hexagonal zinc sulphide crystals it causes a sc mtilla 
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tion md thus advertises its presence The numbei of scintillations 
c \used by a beam is thus the actual number of pai tides striking 
the screen If a stieam of the e high velocity massive particles 
is fired at a thin plate of matter such as a film of gold tliev pass 
light thiough it and then behaviour on emerging from the film can 
be examined by zmc sulphide screen held at a suitable d stance 
It might have been expected that the particles would be 
eioimously scattered by impact with the gold atoms It was 
found howevei that only very occasionally was a particle sen )usl\ 
deflected the large majority suffered practically no deflection 
In fact the gold was aery highly poious to pai tides Et is on 



these occasional lar to e ingle deflections that 1 would ask a on to fi\ 
> oui attention 

let us ct lsidor the conditions which mi & ht hold duiui rt 
cc Ills on 1 c tween an a pa? tide and a gold itom The gold atoms 
ue doubtless built up ol some distribution of negative elections 
an mged in the outei portion of the itom They aie picsumallv 
held in equilibiium by the positively chaiged poition of the atom 
which possesses most oi the atomic miss As to the distribution 
(t lint p sitivc cliaige thcic were various opinions at tlu time 
these experiments weic made The Jvelvm Thomson theory s 
well 1 nown to you all supposes a positively charged sphere of 
iloimc dime ns oils in which the elections aie m orbital motion 
Other suggestions included the idea that the positive electricity wis 
t < nrentiated in i aery minute region near the centie of the atom 
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The deflection results just descubed appexi to dotidt quit 
definitely between these two views Foi the deflecting c fix c t >t 
the negative electrons can easily be shown to be negli^ihl ll tlu 
a particle leally penetrates deeply into the atom So ds< u uld 
be the effect of a distribution of + electucity ovti \ split it >f 
atomic dimensions regarding the spheie is possessing < nlyiltt h< 
magnetic mass Consequently it must be mfened tint the mas 
sive p^it of the atom associated with the + clcctucitv is < \tttd 
mgly concentrated for if not the laige mglc deflections >f th< 
particles would have been far more numoious 

The gold atom m fact is a very open system thiou^h which 
the particle can m general penetrate almost unohccl ed It how 
ever an particle by chance impinges directly on to the thaigtd 
nucleus a large angle deflection is precisely what wc should t xpt c t 
Such m geneial terms is the ugument for i small nucleus demtd 
from the earlier experiments of Rutherfoid Geigci md Musdtn 
I will now consider m some detail a few of the simpler oilculitions 
on which these deductions are founded 

Consider a collision between an pax tide and i positi\cly 
charged nucleus at S (fig 4) It is assumed in the fust plict tint 
the inverse square law of force holds between the nucleus uid flu 
« particle and that both aie to be treated as point chuges ( dl 
the nuclear charge Ae where N is an integer 

Let the particle be projected along XS with velocity V ducct 
ly towards the centre of the atom The potential at a distance f 
from the centre of the atom (where b is very small compu d 1 
the radius of the atom) is 

N *(i) 

will be brought to rest at a dist nice 6ii( m 1 h 

* nV = NeE I 

* 2 NeE 

b ~ mV 

Now let the particle ho promoted as in the di igi im it u ( 
contrally Oonsideung the angular momentum we hrvo 

V = SA 

v p 

where p is the perpendiculai from S on to the isymptt tc uul > is 
the velocity of the paiticle at its point of closest approach to S 
From the conservation of energy 

1 T/* 1 

- mV % — — mv — 


Hence the a particle 
centre given by 


whence 


NeE 

&A 
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b_ 

SA 


But the eccentixcity of the hyperbola is 

SO 


e = sec 0 — 


OA 


e 


and by geometry 

SA = SO + OA = p cot-^ 

■also b = 2p cot 0 

thus the angle of deviation = </> — 7 r — 2 0 is given by 

cot 1 “ T (l > 

Now suppose the a particles fall normally on x plate ot matter 
ot thickness t 

Let n be tlic number of atoms pei unit volume 
R the ladius of an atom 


Then the number of collisions of an particle with the xtc ms 
is R nt The probability m of an paiticle entering xn xtom w ith 
m a distance <p of its centre is given by 


m = t rp nt 


The ti xction ot the total numbei of pxrticles aevixted between 
<p and the probability dm of then striking within radius / 

and dp 

Fi m equation (1) this is given by 


dm = j rq ntdj 


7 r cb 2<p 

- to cot co ec — j 
4 2 w 


let Q be the totxl number of pxrticles txlhn^ m the pi it 
ot fori (fig r ) 

The total numbei deviated between p and </>-!— r7 / ~Qdm wl ci 
dm is the fr xction ot the whole number devixted tlu ic for th 
titxl numbei y deviated per unit aiea of the soi n i\ dr tint > 
tiom the plxte is given ly 

^ Qdm nib Q cosec 
^ 2 tt? % si 1 fd(p ~~ 1 07 


nt /2 NeE\ 1 £ „ . , n 

= — — ( — I — fox small \ dues oi 6 

lb? \ mV* / <p 

Thus the numb i of scmtill tions pox unit xrea xt a distance > 
iiom the plxte is piopoitional to /</>* foi mall angles foi a grw n 
plite and constant velocity of lays 
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The expemnents of Geigei and others igrec well with tin 
deduction fiom the theoiy and the value of 6 (distance of i los st 
approach duung the largest deflection) is found to be 10 ems 

Recalling the hypotheses on which this theoiy is 1 ised such 
good agreement with experiment affoids stiong evidence tint down 
to distances of 10 ems fiom the nucleus the inverse squin I iw 
is true and that the charge occupies such in exceeding v minute 
legion of space that it can be tieated as a point ohugc 

In later experiments Rutherfoid leplaccd the me til foil h\ 


Screen Plaiie 



hydrogen gas Now the range of particles fiom i idium ( m 
hvdrogen was quite definite being about 7 ems 

On bombardm to the hydrogen it was found that th p iss tge 
of the particles gave rise to scintillations on i scicen plued fir 
beyond the r inge of the par icle itself foui times as f u m 1 ut 
The mturil explanation appears to be that the hydrogen itom or 
part of it was shot forward bv the collision and itself produced a 
sc ntillation on the scieen It was found is the xesult of t xpeti 
ment 

1 That the atoms whatever they might consist of were 
propelled m the direction m which the particle 
w is moving 
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2 That the velocities were distributed ove a small nnge 

that is they all had nearly the same velocity 

3 That the particle and the nucleus of the hydrogen 

atom approached within a distance of 3 X 10"" 3 cms 
duung x collision 

Now Dxrwm lixs obtained an expression for the numbei of 
Long range atoms of cliaige -fe to be expected as a result of 
collisions with bombarding par ides of charge -f-2e assuming the 
nucln act as point chaiqes unde ? the mveise square law 

The numbei obseived experimentally does not agree with 
Daiwm s cxlculxtions Tt is much gieatci than theory indicates 
Theio ne thiee possible explanations 

Either (i) the assumed chaiges + c and -f-2e xrc wiong 
or (n) the nucln do not act xs point chaiges but as struc 

tures of finite size 

(m) the law foice is wiong at these small distances 

Lt pxrticles of smxllei i inge (4 cms) i id smallei velxit\ 
ne used the Dirwm Ixw is much moie neaily o) eyed Thus in 
these cases Dxivin s assumption both xs to the chaiges and the 
foice 1 xv must be collect o very nearly so It xppeais then that 
whei the approach of the nucln is not so close the chaiges and 
li\ t foice xt c coirect and the nucln xcl as ponfcs Hence it is 
concluded thxt foi the closei approach of the swifter part cles 
(ian^t *") the most 1x1 elv solution is not that the lxw of force it 
elf suddenly liters but thxt the nucln nc 1 ngcT ut xs point 
chxiges xt distxncc of 10 cms 

It is inte st n^ to icilise how ve y tew } xiticlc cone intc 
collisio uith // toms only one m 100 000 f p i tides m one 
cm of h^dio^en gis at N T P gives x swift H xt m rxchpxiticlc 
I xsscs through the sphere of xction of 10 000 H lecules m its 
flight thiough 1 cm of tilt gxs 

It lixs Iso been shown by Rutherford that the H nucl is be 
hxves xs xn m lependent unit xnd swift H pxi tides xic pi duct d 
equally well fi >m c mbined hydt ^en 

Addition xl ccnhimaton thxt thes iff toms xic lcxlly 
hydrogen \ ith x -f* chug hxs been obtained by the nc lsuioment 
of then miss xnd xelocity by the deflection method 

They uc found tile xtoms of charge -f- 1 xnd miss l relit \< 

U (\v h ( n=l( xnd tlie \ iluc ft i C — is 10 e m u Now th 

m xss 

lcctuhti \ due f C - - X T fi ( foi hydrogen is 9 r 70 c mu hence 
m xss 

the xtom u und mblcdly hydio G c n of thrive + 1 which mins 
thxt thc\ u c probxbly hydiogen nuclei 
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It may be that the positive nucleus of hydrogen is in it ility 
the positive electron or proton having purely clectrc m r^nc tu 
mass If this is true it is easy to calculate its diameUi met its 
mass and charge are known 

Thus if M and m are the masses ot nucleus and nt^ itn tltt 
tron respectively both being puiely electromagnetic 7i aid 7 tin i 
respective radii 

Then since they have the same chaige ( (by hypothesis) 




x 1 5 x 10 *-=10 ' 


Thus o i this hypothesis the radius of the atom nu leus is f 

the radius of the negative electron 

Its extreme minuteness is borne out as we have seen b\ ill 
the deflection experiments 

Since the helium nucleus (a paiticle) has neatly four time 
the mass of the H nucleus it is mfeired that the iormci c nt u i 
four positive electrons ( H nuclei) and two negative elections xss 
mated very closelv Thus its net cliaige is +2e Since m i idio 
active transformations pa tides aic pioduced 1 ut nevei B itt ms 
it is further inferred th t the combination of H nucln v ith - ih ^ i 
tiae electrons to make an particle is extiemel} stall 

We may sum up the results as follows Exiti munis n 
scatter ng for heavy atoms like gold show that the nuch I dm 
as points down to distances of 10 ems whereas t lie hadit^ n 
experiments indicate that the law fails to hold for cl >sci *pj i >u h 
than 3x 10 6 ems It would appeal then eiihei that \u li m t 
get some distortion of the H nucleus and the par tick pudin 1 
by the intense forces when they approach to within II is cl i t mt 
of each othei or that one oi other of them behaves nsymnu tin illy 
during a collision The calculated vdue of the lepulsrv i it 
between two nuclei on a close approach reaches the cnc nnmi \ du 
o* 5 kilograms weight » 

Still more recent discovenes resulted horn s< me (vpnim nts 
on the absorption of the piopelled atoms by gases 

When columns of oxygen or CO wcie used the absnptim 
followed the usual liw When lxowevci dxied an \\os us< d th 
number of scintillations increased instead of diminishing 

Now particles m oxygen and nitrogen give use U oU ms of 
range 9 ems in air and are probably swift oxygen oi mtiogcn 
atoms cairymg unit chaige and produced by collisions 
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Therefoie in the experiments now being described those atoms 
weie dealt with which were propelled with ranges gieata} thxn 
9 cms 

These long lange atoms from air weie pioved not to be due to 
hydiogen from water vapour nor were they due to hydiogen 1 m 
purities nor to H atoms from dust nuclei m the ui neither was 
there any change m the phenon enon when chemically prepared 
nitrogen was substituted for an As they w<re not produced m 
oxygen it was necessary to attribute them to nitrogen But 
mtiogen atoms have only a range of 9 cms so the new pai tides 
cannot be nitrogen its If 

The value of their mass and velocitv was detei mined by the 
deflection method and yielded stiong evidence that the atoms i i 
question were hydrogen Furthei companion of the deflection of 
xtoms known to be hydrogen with the new xtoms amply confirmed 
this The only conclusion remaining is that the nitrogen nucleus 
itself is disiupted by the collision and charged hydrogen nuclei a/e 
1 nocked out It is c ilculated thxt only one a pxiticle m 300 000 
ipproache the ntrogen nucleus near enough to liberate hydiogen 
atoms with enough eneigy to be detected Many may how eve i 
} e libeiated with smallei velocities and absoibed I efoie torching 
the screen 

In xddition to the long lange atoms from nitrogen with whicl 

I have ]u t lealt there are produced at jn s of slioitci range 1 ui 
till grexter thxn that of the particle which pioduce them 

Theie i^ stiong expen nental evidence for beliexmg thcs rt slioit 
r xnge atoms fiom nitrogen and also fiom oxygon tc be xtoms c t 
mass 1 The^ re produced m gieitei numb i thin lb"' FI item 
It is therefore su g to e tod that x group ct miss 1 is i u^ilxi c< ns 
ti uent it th nuclei of both mtiogen ind >\y^cn I Jins tlu 
utiogen nucleus c in 1 c chsmte^i itecl cithci by tli xj ulsion \ an 

II itom of chuge 1 oi by the expulsion <f in xl< m of miss \ 
xrryin & 2 positive ch trgos Now helium is xn itom ol miss l 

cu lying a nett nucleai clixige of +2 Thus since the nett mu k xi 
chaxgc m an xtom determines the number of extern il clecti ns 
xnd thcietoie the chemical nature of the atom the new atoms el 
mass 3 would ln\e the sxme chemical natuie is helium but would 
diffei from it m m ss Such a relation is cxlWl is atopic — xnd 
the atoms of mi s 3 arc isotopes of helium 

1 referred pist now to the possibility thxt cither the II nucleus 
ai 1 lie particle is isymmctiical It his m tact been suggested 
by kutheifoid thxt tlic pxiticle beh xves m elos collision xs 
though it weie x plxte oi disc of ndius X 10“ cms If sucli r 
structure collided with in H nucleus < dgc on the distance 
between centres would be grexter thxn 3 X 10 5 xnd the point 

charge law woulc hold recording to the earlier experiments li 
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however the conditions of velocity were adequate the ipjrouh 
might m many case he along the xxis of the disc m wluch c is 
the collision would be of quite a different nituic xnd the II 
nucleus would be swept forwards Some extiemely mteicstm^ 
calculations have been made by C G Darwin with the object ot 
obtaining more definite information about the stiuctuie ot the 
helium nucleus He discusses first of ill what is the oomph te m 
formation which it is possible to obtain fiom experiments hi i 
Rutherford s and puts this information m the form of i relation 
between the velocity of the advancing a pxiticle the <f 



pi< 


deflection and the nurabei of scintillations of i „ivcn ian c 
duced by the projected hydrogen nuclei ° 

The actual experiments are then analysed and cxpiesscd m 
the same terms The effect of collision of H nuclei with a senes ot 
P artlc Je& of different shape*, is calculated and compared 
graphically with the reduced experimental results Tho me thod is 

Itw? ? n n h + at Darw i n c f 11s the relation \ conception 

which I will try very briefly to describe 

w the 11 Pf r ! lcle 18 com P lex of any shape and has a point 

which may be called its centre Suppose the H nucleus which 
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T will call H ib at rest Diaw a plane thiough H perpendicular to 
the line of approach of the centre of the paiticle which I will 
call (fig 6) * 

H will be driven oft at an angle ot pro 3 ection 9 to tins line 
of approach The angle of oiojection determines the velocity and 
therefore the lange of H while from momentum and energy consi 

deration U= ^ V cos 9 where U is the velocity of H and V is tli 
a 

initial velocity of 

Consider both a and H +o be ontnted m a definite way T fixed 
md the direction ot appioach fixed Then if a stream of particles 
advances under these conditions the position of B s the only van 
able m the diagram and eonespondmg to each point lil e B there 
is an angle of nro-jection 9 Draw lines of constant 9 and we get a 
projection diagram Its scale will be ot the older of 10 cm Now 
take any area m the diagram less than a definite value 9 { say 
Call this area P It will be a function of 9 If and H have any 
orientation there will 1 e one uch diagi am toi each oi lentation and 
one value of P foi each conespondmg to each 9 Let P be the 
average value of P Hence the numbei ot H paiticles projected 
at angles less than 6 = v = Py^ (factors based on probability) Thus 
experiment can determine a i elation between P $ and V f the 
a particles have all possible velocities This called the <olht>io i 
) elation 

Darwin next pioceeds to find the collision elation winch ex 
ists m the actual experiments of Ruthciford 

The observations were the ranges of the H nuclei it thoicfoic 
we tike these as having velocities equal to particles of the same 
range we can express the H ranges in term of veloc t es by applym^ 
Geigei s empirical law that the ies dual range at any point of th 

path is propoitional to V s together with the equation L =— Kcos 0 

By considering the actual detailed conditions of the txpe iments 
an expression is deduced for the number of H scintillat ons occun 
mg over an area 4 on the screen which corresponds ta deflections 
less than a definite value of 9 This numl ei depends on the tie a 4 
and hence depends on P 

The actual relation is shown to be 



wheie P ib as J have said an unknown function of 9 while i and 
are known functions 

By assuming that P a function of 9 can be expanded by 
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Tayloi s Theorem and writing P~-np where p is a, length on the 
diag am we get aftei integration 

- = 7r£> ( e-AV ) 

V 

A and 6 weie calculated from Rutherford & experiments v 
and v are also known from the experiments Hence we cm plot 
p against 6 for diffeient values of F 




v +i, Tll i^ , glves a series of curves representing the icsults ol 
Rutherford s measurements One of which is shown m cmvt B 

The question now is what shape of a will pioduoe a collision 
relation resembling these curves * v on 

each kfi^d m Tn S fiTs eS +iT d,riOUS “ od f lc! and calculates a relation for 
eacn kind — In fig 8 the quantity b is a constant 
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( 1 ) Clastic sphere 

The p$ relation gives quite different curves fiom B 

(2) Elastic plat** (Fig 8 ) 

Heie the resemblance is much bebtei The exist 

ence of a flat part implies a discontinuity of <9 as p 
varies This is seen m the experimental euive (-B 
fig 7) and the lesult is very remarkable as implying 
a discontinuity m the law of force between the nuoln 

(3) \ bipole (2 equal chaiges) arranged so that they lie m 

the plane m which the impact occurs 
In some lesiects this cise is better m some woise as 
legards agi cement with the experimental diagram 

The tuithei development of this veiy mteiestmg method 
iw nts an increased accuracy in the expenments The latter arc 
exceedingly difficult and trying owing to the continual counting of 
scintillations involved 

Ret us now considei the type of atom which the fore^ i ng 
urv estigations of Rutherfoid would lead us to visualise 

Theie would m a simple form of low atomic weight be a cer 
tain numbei of negative ^lections ^rouped lound a minute missive 
core whose nett chnge equals numei oally the sum ot the negative 
chaises outside it The coie oi nucleus itselt may ot course con 
tain negative elections nit its balance ot charge must be positive 

Ln s rnple atom possessing in its outer legions only a very few 
elections the natui 1 assumptioi s that stability is attained by the 
xotation of the electrons in oibits lound the centra] core eithei m 
copl nai oi in non coplan a rings < ither m circles r ellipses of 
\ anous eccentricities When the complexity is greater and the 
xtom contains a lai^c numbei it electiens t is not se d fficult pei 
haps to make out a case for stib lity by imagmm & the elec ft ns at 
est or oscillating in small cncles ot a sphcic under the influence 
ot their own mutual repulsions combined with the atti action of the 
central charge especially if the election itself has mao-nctic pro 
f cities as in the Ring tvpe but m dealing with the simplest f all 
the hydrogen atom which theie is goccl reason toi 1 clievmg con 
sists of a single election associated with a single positive chnge 
ot equal value it has not yet been poss ble on the ordinary view of 
the election to conceive of an> way m which the atom cm be 
stable le not eollapbe unless one imagines xotation ot the election 
lound the centie 

This conception leads to great difficulty m accounting for the 
ebseivcd magnetic properties of hydrogen and for the radiation 
emitted by the atom 

In the case of more complex atoms where the nucleus itself is 
doubtless complex as indicated by Rutherford s work tlici e is slight 
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ly more lat tude for attempts to explain the magnetic c fleets I ut 
the achat on difficulty remans The nature of these difficiltits 
and the deas that have been put forward to n eet the 11 1 

d sous ed n the i ext two lectui es 
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A stage has been leached m this review ot lerent rrscaiclics 
at which it is necessaiy for me to lecall certain veiy revolutionary 
theoretical speculations which have developed duiing the past few 
yeais It will be of advantage I think if T ic capitulate the steps 
whereby these unorthodox results have come into being They ue 
largely connected with the theoiy of Radiation 

If a material body is placed m a constant tempeiature enclo 
sure it finally comes to the tempeiatuie of the enclosute rnd then 
exists inside the latter a stream ot radiation of all wave lengths 
passing m all directions whose amount 1 is independent of the 
material ot the body or of the enclosuie and depends only on the 
temperature and the wive length This is called the full tadiation 
tor that tempeiature It is the pioblem ot radiation to find out 
how the energy density is distnbuted among the wave lengths 

I et the energ\ pei unit volume foi unit lat qe ot w ivc length 
neai x (say) be e then foi range (hom X to \ +/f\' the enoig\ 
density is ed\ 

But e is a tunction ot \ and 9 only theictoie the energy densit\ 
over any iange is <p (\ 9) l\ and evidently 

i.p(\6) = F~4 

tlic diSeience between iates of emission and rbsoiption In the 
steady state 

f = 0 rnd L =a 4 
at 

winch we know to be tiue 

The question now anses whit is the nuchimsm of i idirtion 
and rbsorption ? 

The emission oi absorption may be effected — 

(1) b> special lesonatois which recount (sry) foi m 

rmount of remission r r md Absoiption lj 

(2) br the tiuly free electrons in m ittei which recount 

(say) foi E x and Aj 

( i) by orbital electrons or elections closely issocirted with 
the atoms of mattei omitting radiation as they ue 
ejected from or return to the rtom which recount 
foi Ejp and Aj 

l Er — Aj) + (Ej — 4j ) + (Lj — Aj ) + etc 


1 Measured by t ene gy per un t vol ne o one gy dens by 


Hence 
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But all the Es and As may contain <p since if we mcieaso the 
eneigy at any wave length we expect to mereise the absorption 
So for the steady state if we get 

o = Ep — ap<£> + E j — ap f) -+■ Ejp — j f /> 

E%, + E p 4 * Ep 

<P = 

a ft + cep 4* ap 


Now 


E E E 

— -£ will obviously vu> fiom substance 
r a n 


to substance 

But <i> does not vary foi different substances full i idi xtiou i*- 
always the same Hence by Algebi i 


Elft_Ej Ep 
ap a ft ap 


tyEft $Ej£ <bEp 

Ap Ap Ap 


Ap — Eft Ar^Ejft Ap = Ep 

i e each separate mechanism must be capable of establishing full 
xadiation by itself separately 

Now let us examine the foxm of f foi each t^pe of mechanism 


By iesonatou> 

Tic at the lesonatoi is a dynamical system m oscillation obc> 
mg the oirhnarylaws It is possible to c Iculate the neigy gained 
by it due to the action of an external impulse and hence to find 
the mean late of absorption of eneigy xnd of emission of cncig} 
liquating these values foi the steady state it is found tlial the 
energy density D ovei i inge ^\is given by 

D=<p(\6)d\ = S7ri?0A t\ (!) 

By free election 

Ti eating the mtei action of a 1 ght wave with a fiee el etion 
it is cleai that the motion of the election will be compounded of- 

( 1 ) the undistuibed velo ity of election 
(n) harmonic oscillations set up by the w xvc 

The fiequency of the light emitted m a paiticulu dizcction 
can then l e found by applying Dopplers Principle hence the 
average total radiation per unit time m terms of its separate 
frequencies can be obtained by integration Thus for a number 
of waves simultaneously acting on the electron the average total 
radiation m terms of separate fiequencies can be found and so we 
get the final partition of energy among the wave lengths 
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Foi the steady state the partition of xadiant eneigy must he 
unaltered by intei action with the election 

Hence <p(\6)d\ the original partition can be found 
It comes out the same as (1) 

By oibital elections 

If the electrons aie not ftee but are radiating by reason of 
acceleration imposed the same result (1) is arrived at 

Now it is easily pioved by the method of dimensions that m 
equation (1) the quant ty [8tt\ d\] is the number of vibrations per 

unit volume of the medium which have wivo lengths b tween 

k and \ 4 - d\ 

Hence [7 6] is the aieiage energy of each vibration 

These same results follow from much moie geneial consideia 
tions regarding the partition of energy between matter and ether — 
namely the theory of equipaitition of eneigy 

Hence fiom all points of view and employing eveiy conceivable 
mechanism foi emission oi absorption provided the reasoning is 
l asecl on the pnneiples and processes of ordinary Newtonian dy 
namics wc are led inevitably to the same result that the eneigy 
density of full ladi tion is 8? rJ 6k dk for the steady state 

If now th s expiession is integrated between \ = 0 and \ = or we 
find that the total eneigy foi all wave lengths is infinite But this 
is not tiue since wc know that the energy in mattei is not all 
dissipated into ladiation m +he thet 

Foi instance if the energy cox ospondin to to different wave 
lengths m the solai spectium (ultra violet to mfia red) is measu ed 
expei mcntly ind plotted against the wav lengths the cuive 
reaches a maximum m the visible poition of the spectrum and 
does not increase ndefimtely in the legion of shoit waves (Se 
fig 9) feimilai experimental results aie obtained from full i adiation 
produced m constant temper atuie enclosures m the laboratory 

Thus something is wrong The Quantum theory li as been m 
vented to account fox the observed facts since Newtonian dynamics 
is apparently me apable of doing so 

Let us now considei one wry m wlucla the idea of an energy 
quantum 1 a arisen and how it has served to reconcile the 
liscrepancy just referred to 

The probability of a system at absolute temper atuie 0 

having any paiticulai energy is well known to be Ae where I? 
is the gas constant 

The probability of the system having eneigy 2 is Ae ** and 
of its having zero energy is A 
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Now if m lb the number of vibiations hiving encig> m 
the number having eneigy 2 and m the numbei having /ck mict 
gy then we have 

m Probability of system having eneigy 
Hz Probability of its having zero cneig> 


i e 


m _ Ae m 
m ~~ A 


or 


m - m e 


He 


also 


He 


m 2 =m e 

If theie are M vibiations and if the eneigy cm only be stlt< ft l 
or can only exist m bundles or quanta of value 2 3 c tc 



then M=m (l+e Rt +e R +e Re + ) 

m 


l-i 


__ / 


Be 


Now the total energy of all the vibiations is 
m + m 2 + m s 3 + etc 

9 

= m e +- m e 2 + 

M 

e'* 6 -l 

It we take vibiations only between A and \ + i\ pei unit \ >1 
of ethei 1 / = 8 x 1 - d\ 

therefoie the total eneigy pei unit volume D is given b\ 


Z> = 8 *-A~ d\ 


e s *-l 


(<*) 


If e— 0 the eneigy can have any value liowcvu smill it th 
bundles are infinitely small 

So the total energy per unit vol =8tt\ *d\ B6 which is w 
have seen is not true experimentally If 5^0 then fiom (^) 


D = 87 r RSk (l\ 


JiO 


B 

e - 1 
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If m addition = 7v where h is a constant usually known as 
Plancl s Constant and is the frequency i e the quantum is pto 
po?tional to the frequency we get Planck s formula for the radi ition 



density uh'ich agiee veiy well indeed u ith actual measui ements (see 
fig 9) Tiom experiment 7^ = 6 6x10 eigs sec ilso foi the Z> 
line of sodium = 5x 10 


= 7 sr 3 3 x 10 eigs 

Now Poi cue his shown tli t 

No svstem of icsonators oi any other mechanism can p >s 
silly lead to PI nick s law except me m which =7/ is atished 
indeed it is shown definitely md conclusively that the mete fact 
that the total radiation at a finite temper atuic s finite ic quire 
that the ultimate motion should be in some wa\ discontinuous 

Lt is important to lomembci th t there is no indie ition m 
the previous arguments as to whether these quanta of energ> 
leally suggest an atomicity of energy itself oi whether they impl^ 
that the sele tion of energy for absorption by m ttci occurs m 
fixed limited paicels 

This list alternative forms one of the outstanding prol lems 
t the day 

Considei the expifssion 

value of an energy bundle hv __ 
average energy of a vibration BO ' ** 

then =7< ( where ? is the time period hence h 
\ieiv) \m ) 
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has the dimensions of Action and Planck s f ormul x becoim s 

D = 8rrlte\~ i d^ — — — r- 
e 1 

Now when x is very large there lie very few quint \ m ilu 
vibration (of which BO is the average energy) and PI and s lu\ 
holds when a? is very small there are vexy many quint \ m tin 
vibration {BO large) and the oidmary Newton Ra\lo^li Jt ms 1 iw 

D = §?rRe\-H\ 

holds 

So the Newtonun laws begin to fail when the avt x cnci^y 
does not contain a great number of qu mta 
But x can be large by 
(i) being large (quinta latge) 
oi (n) 0 being small (energy small and few quint i) 

Similarly Newtonian laws hold (oi % is mill) wlu n l 0 i 
great compared with h i e Action JR Or gieat complied with ( Ox 
10 erg sec Thus we should oxpoct Newtonian 1 vws to fail l it lie 
when 0 is very low or v veiv high and Action veiy smill 

This is exactly what is found by experiment It is well 
1 nown that the atomic heats of solids approach a const mt a alu 
6 provided the temperature is sufficiently high but tint it l >w 
temperatures the atomic heat decreases rapidly 

Now Newtonian dynamic assuming as it must that the. total 
energy per unit volume of the material is independent of tli 
nature of the vibrations of its atoms demands constancy of \ alu 
for the atomic heat at all temperatures There is thus i ait i! 
discrepancy between theory and experiment The disci pmc> 
lias been met by Debye who assumes that the average cnti rt \ ( * 
a vibration depends on the frequency of that vibi ation thus in 
t oduemg once more the idea of the quantum of en igy 111 dt 
ductions from Debye & theory agree admirably with expei iment 
Another instance winch supports the conception of Ih qu in 
turn is provided by the photoelectric effect 

When ultraviolet light falls on a negatively chi ^ d mctil 
plate no photoelectric emission of elections occuis unless the fit 
quency of the raiiation is greatei than a certain hmitm^ \ du 
Moreover th~ maximum velocity possessed by the cl c lions n 
off depends for any metal only on frequency of the mcuknl 
light m addition the energy absorbed by an cleetioi in cmci^m^ 
from the atom 1 is (within experimental limits) pit cist ly out qu m 
turn h where h is Plancl s constant 66X10 s< c 

Nor are these the only instances m which cneig\ is dt all with 


Apart f om any add t onal energy requ red dur ng emergence f om tl c pi t 
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by mattei on this cunous selective punciple Ihe 1 metic encigy 
E of an election m a cathode stream impinging on matter gives 
use to X rays of frequency v only if the eneigy is i elated to the 
frequency according to this same equation 

E — hv ( 3 ) 

Another example involves the collision of elections with the atoms 
of gases 

The lattci aie stimulated to emit then so called single line 
)i resonance spectra only by elections possessing more than a 
certain fixed amount of energy if the el otron is not moving fast 
enough the paiticular ladiation is not pioduccd The pioved relx 
tion between the election eneigy E and the frequency v of the 
resonance line produced by the collision is again the same as 
equation (3) Lastly must be mentioned the Bohi theory of the 
hydrogen atom which by an application of the quantum hypothesis 
recounts for the spectial senes of hydrogen This theory is dealt 
with m lecture V 

In vi w of all these discovcnes the gen i xl ticiid of thought is 
towaids the conception that tlio atom possesses some m chamsm 
for absorption and emission of energy by lumps Any m chamsm 
which may be imagined to account toi this will be welcomed i 
in aid to progress o\en though the foim of that m chains i mav 
c\ entually have to be discarded xs lacking genei xhty Possible 
as W P^ddie hxs remarl ed any model of which we may c oncei\~ 
will leave pait of the ssential mechanism undesenbed 

I will conclud with x bn f r fexence to some vci\ mipoitant 
lesults quite lecently published l y Pi of l T Whitt il ei n i 
pxpei On the Quxntum Mecl anism in the Atom Tlici in h 
suggests x model which lllustr xtes a possible mctliil cf into 
c hinge of encigy beiwc en atom ind colliding ( Icc ti ns which he I] s 
to xicilis tion of the kind of physic i l pioccss winch 1 c m 

\olved in quantum absoiption nnd umss on 

It is first pointed out that the okctiic field in the nei^hl oui 
hood of xn atom is not pumanent (since the xtom is c Icctncalh 
neutral undei oidmxiy conditions) but is < \ xl cd b\ the i\ pioac 
of the election 

Con espondmgly the election as it ippioich s the atom in 
duces within the xtom a magnetic cuirent the magnetic analogue 
of an electric cuirent 

The mechanism which is assumed to exist m the tom and 1 
^lve use to these effects is x scries of bai magnets with 111 c 
poles at the origin and fice to rotate (111 e the spol es of a rimless 
wheel) m one plane When such x system is lotatmg it sets up an 
electric field which affects on electron appioa hing along the axis 
while the magnetic poles levolvmg m a circle constitute the 
magnetic current The two dynamic xl diffeicntial equations 
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(Newtonian dynamics) which expie&s the interaction between the 
circular magnetic cuirent and the advancing election aie veiy 
simple and easily obtained 

On integration they provide an expression foi the angulai 
velocity of the magnetic system and a conservation of energy 
equation from which it appears that as the election comes into the 
neighbouihood of the m ignctic structure its velocity diminishes 
and its kinetic eneigy is expended m setting the ^tiucture mt > 
rotation If all the electron s energy is used up in this way before 
it xeaches the centre it i etui ns on its path in fact in elastic 
impact has occuired 

It is proved that if u the initial kinetic energv of the election 
is gie rtei than U whei 


an 1 M depends in the magnetic moments of the m xgnets while 4 
is a constant the electron passes completely through the mechan 
ism and away from its influence on the other side giving up to 
the stxuctuie during its passage exactlv the amount U of ^nerg\ 
and retaining the re t The absorbed energy appears as magnetic 
eunent m the stiucture also if i the final value of the angulai 
velocity of the stiuotuie iftei the election has passed away t 
infinity we have 


Hence fiom (1) 


U — eMo> 


( ) 


Proceeding to the problem of the tiansfoimation of cneigv 
into radiant foim by the mechanism within the tom Whittalci 
shows that the magnetic current is equivalent to in electnc shell 
oi ^ hat is the sime thing i charged electric ccndcnsei 

By combining the expression foi the chxige or this xtomic 
condensei of capacity C vith equation (3) we get 



( 1 ) 


vhich connects the c pxcity with the eneigv x! soibed fiom th 
bomb aiding electron 

Wlien such a condensei is discharged cleaxly 6 is ulikd l 
the induct ince L and the frequency by the wcl 1 nown equation 

piovidecl the dischaige is oscillatory 

/L 

It is then shown that the expression e y/ q is a naliu il go i 
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st 1 t 1 w ng the cl mens or & ot Act or Writing 


oo nb mg wit} equations (4) nd (5) ve 1 ave 

TT = K 


/lj 

V C IT 


an I 


I cl is precisely Plxnck s relation aid l volves no departure 
fio n th~ class cal dymm cs 

riit s is Wh ttake po nts out the model reproduces by ts 
ct o the 1 eh w ou of the ctual ato n as found oxpe ment 
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LECTURE IV 


Oiu of the large oust nding problems of physics to day is 
the explanation of magnetism Perhaps Uss adv mce his bet n 
mad m this direction than m any other and I believe tint 
magnetic phenomena have not received then due nropoi tion of 
attention m recent yeais 

I propose m this lecture to consider a tew bpecnl points con 
nected with the magnetic behaviour of matter ind 1 will le id up 
to what I have to say bv reminding you very briefly of the ordi 
nary theory of dia and paramagnetism 

Imagine on atom containing electrons which describe euoulai 
01 bits about an attractive centre 

Each orbit with its r volvmg charge is magnetically equiv 
alent to a small magnet placed at the centre of the orbit and 
possesses therefore a magnetic moment whose magnitude can be 
shown to depend on the angular velocity of the electiot and on 
the area of the orbit 

There may be several electronic orbits m any particulu atom 
or molecule consequently the structure as a whole would be c\ 
pected m general to possess a resultant magnetic moment v Inch 
of course for special airangements of the orbits might be /eio 
(See fig 11) 

Let us consider first of all the effect of an external magnetic 
field on an atom oi molecule of zero resultant magnetic moment 

Fach of the s parate electron orbits will be affected by tilt 
field and m this way the angular velocity of the elections will 
he changed but not the area of the orbits 1 consequently a eh in^,( 
m the magnetic moments of the orbits results and this change is 
always such as to decrease their existing magnetic moments But 
since there is no magnetic axis any turning of the separ itc mbit 
planes has no effect in turning tae atom as a whole Nom in my 
substance containing a multitude of atoms the um of the 
changes m magnetic moment thus produced pei unit volume 
divided by the strength of the external field is the susccptibiht \ 
of the material 

Thus the susceptibility can be found fiom first pnnciplcs i i 
terms of the orbit ar as the numbei of atoms ol i partieulii 
kind m unit volume and the constants e and vn Moi eovei sine< 
the effect of the external field is always to dwnimsh the magnetic 


1 Prov ded the law of nve e oua es hold fo d tance co pa able w tl tl 
atom ad u 
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moments of the individual loctron orbits the susceptibility de 
dueed is diamagnetic 

Now consider the effect of an external field on a type of atom 
which possesses a resultant magnetic moment not zero 

The diamagnetic susoeptiblity exists as m the previous case 
for each individual orbit will have its angulai velocity slightlv 
changed but superposed on this is tae action of the field on the 
lesultant magnetic moment of the atom as a whole The magnetic 
axis of the atom system will endeavour to set paiallel to and m 
the same direction as the applied field i c m the position of mini 
mum potential energy It will be lestiamed fiom ettm & qu to 
parallel (a) by those collisions with othei atoms which ire asso 
ciated with the heat energy of the mat ml (6) by (m the case 
of solids) magnetic or lectiostatic foices exerted by neighbouring 
atoms 

The same reasoning applies if we deal with molecules instead 
of atoms Mattel built up of atoms 01 molecules of thi 1 md 
possesses a positive value foi the suscey tibihty for the magnetic 
axis of the atom sets m the 6<xme direction xs the xpplicd field 
therefore the maten 1 is pxiamagnetic 

It appears at first sight that diamagn tic pi p iti s oi tin 
theory should be independent of tempeiatuie of chxnge of stxt 
xnd of chemical action since the atom election oibits xlone n 
concerned But this is not strictly true expeiiment illy 1 xi x 
magnetic piopeitics on the other hind should be dependent on 
the tempeiatuie since th° 1 mctic energy of the molecuh s pli\s n 
impoitant part m adjusting the value of the susc ptilul t\ 

It can in fact easily be proved by theimodyn xnne uicl th 
lexsomn^ and it has xlso been aenfi d by xp nimnl that flu 

4 

paia magnetic susceptibility x P = ^ where JP is tlic absolute temp i 
xture and A s Curie s constant 

In the case of the few solids which exhibit lciiorn agnctism 
the magnetic behaviour is doubtl ss enormously compile it ccl by 
the clos^ pioximifcy of neighbour molecules but m attempting 
to recount foi both fei o and pxiamagnetism the possibility of 
the existence m ill paramagnetic molecules of special stxuotuics 
^ivin 0 use to large fo(al maqnrir fields must alw lys be borne in 
mind Moreover there is strong prol ability that magnet i sus 
ccptibihty m ill mate nils is x ic sultan! oi balance between p u i 
xnd hamxgnetio quality In some materials paramagnetism 
prcpondei ales mothers diamagnetism preponderates the result 
ant effect determines the magt etic property observed I shill 
return shortly to the question of large local fields m the atom 

Meanwhile lot us consider Langevms theory of a par am a^ 
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netic gas which is founded on the kinetic theoxy of gases and lead 
fairly simply to the equat ons 

I cosli a 1 M H . v 

I smh a a RT 

wheie I is the maximum possible intensity (all the mxgnetie axes 
y arallel to the external field) 

M the resultant magnetic moment of a molecule 
H the applied field 

R the gas constant applied to a single molecule 
T th absolut temperature 

One of the important ipplications of these equations which 
bears on recent work to which I want to call your attention wis 
made by Weiss His object is to elucidate the phenomenon ot 
feiromagnetism m w lich since solids alone exhibit these proper 
ties it is essential to take account of the influence of neighbouring 
molecules As is well known to many of you Weiss assumes that 
each molecule is subject to the influence of a moh cular local 
magnetic field H 2 which so long as the material is at a tempexatuie 
below its critical point is independent of the external magnetising 
field H j The local fi Id may be caused bv special structures i r 
the atom of which at present we have no direct evidence but m 
any case the device of the W iss hypothetical local field replaces 
the effect of moleculai aggregation below the critical point and 
enables that effect to be neglected n the calculatio i 

Thus the total field to which the material is subject is II (the 
external field) 4-j H (the local molecular field) 

= H +\I 


since H is proportional to the intensity of magnetisation pxoduced by 
itself \ is a constant Hence regarding equations (1) as applying 


we have 


a 


M(H } + \Z) 
RT 


Now near the ciitical tempera ure where the fenomagnetic sus 
ceptibility vanishes and the material becomes para magnetic a is 

small and equation (1) reduces to j = ^ so that the critical tem 

peratuxe T is determined by 


whence 


T = 
{T —T )/ = 


M M 
3 R 
HT 
\ 


(2 


Hence if H x is constant I T curves are hyperbolas near the Curie 
point which is true experimentally 
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Fiom equation ( 2 ) and a knowledge of the magnetic behavi 
our near the Curie point it is possible to find \ and therefore I\ 
which is H the local moleculai field 
Its value comes out 


foi Iron ^ 5X 10 gauss 

Nickel 6 4X10* 

Magnetite 1 4x 10 * 

I would dnect youi special attention to the veiy laige value of 
the ordei 10 7 gauss obtained fox this hypothetic xl lo al moleculai 
held 

It is at once suggestiv if som mechanism m the atom which 
pxoduces a laige field in its immediate neiglibouihood— at least in 
the case of ferromagnetic maltei 

Iher^ is one othei aspect of W eiss theoiy to which T will 

lefei 

If we deal with the magnetic moment I of the molecules 
themselves and it >ou lememler tli t n ai oi above the cutic al 

temperatuie 7 - = - 
I 1 


we have 


Ml H 2 I N MH 1 II 
$R1 ~ INRf ““ 1 \/ J 


where A is the number of magnetic molecules pci giam 

X is the moleculai susceptibilit\ P 01 1 nit 

if we lememboi that 1/A =/ 




}/ TW 


U \ 4 . ( I 

vhiic 4- jj ^ 


whence if 
m ass and 


the tunc constant and /?A is the gas c cast ant 

On plotting <xpei montil values ot /x against J the ^,1 aph is 
found not to 1 e a single sti light line but to be made up of bits oi 
straight lines (fi^ 10) Hence th const mi 4 must vaix If 4 
ls legal ded is varying in icspecl of / wee an find fi in the cuiv 
the different valu set / vlncli con spend to different tempera 
ture 1 itci\ Us lb sc aic found t ) b exactly in the xatie Am r m 
( m S m 10 m where m is ace ns anl 

bincc the values of / foi otlui ten > naagncti substanecs aie 
il&c multipl s of m it is mfeircd that the magncti moments of 
the molecules are multiples oi a common universal magnetic 
clement which Weiss calls the mi^ncton Its moment is IS 54X 
10 C G S electro magnetic units 

The magnetic moment ot the election orbit on the Bohr 
Rutherford theory (see Tecturo 5) is an integral multiple of a 
constant whose value is five times that oi Weiss magneton 1 e 
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92 7 X 10 electromagnetic nr ts while the anguiai momentum 
of the ring electron is about twice this or 200 X 3 0 electro 
magnetic units 

It should be remembered that if I is constant and A vanes 
the implication would be that po lymensation occuis xt different 
tempt ratuies but the ratios of the difteient vxlues of N ne not 
se simple as m the case of I 

An examination of one ol Weiss curves (fig 10) mdicxtcstlio 
strength oi weakness of the evidence on which this theory hangs 
one would be less inclined to accept the idex of the mxgneton weic 
there not other lines of argument which lead to similxi conclusions 

In a recent scries of papeis of great mtf rest Oxley approaches 
the question from a somewhat similar standpoint but considers 
the case of a diamagnetic ciystallmc substar c which melts to a 



diamagnetic liquid Many such substances xie 1 nown by txpen 
ment to show a marl ed change of susceptibility on passing to the 
liquid form Working from Langevm s equations of motion toi 
an election m a magnetic field it ib assumed that a local moleculai 
field H exists m each molecule and th xt the field makes itself felt 
when the liquid crystallises as a change of susceptibility Oxley 
replaces m fact the influence of neighbouring molecules by issum 
mg then effect equivalent to that of a local mag letic field The 
equation which expresses the change of susceptibility is 





e H 


4 m 



where , is the time period of the el ctron in its oibit when m the 
liquid or gaseous condition 1 e not under the influence of H due 
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(d) The lucleai system of the molecule may be itself m iota 

tion 'fhis posibility has been considered by K 
Honda and Okubo who worked on Bohr s model 
It is pioved that if the axis of rotation of the molt 
cule as a whole i e the nucleai system is perpendi 
cular to the magnetic axis the resultant magnetic 
polarity is diamagnetic The velocity of xotation of 
the nuclei is much smaller than that of the external 
or valency electrons Taking the obseived values of 
X for Hydrogen the frequency deduced is 1 (Hx 10 u 
which corresponds to infra led radiation 

(e) Ci eh ore has pioposed a model for the hydrogen atom m 

which the nucleus is complex and consists of two 
protons and one election giving a nett nucleai charge 
of + e This system togethei with an add tional 
negative electron is in lotation about a common axis 
The magnetic propeities of such an atom have not 
1 ten fullv examined so fai as E am aware 

In connection with the magnetic properties of moze complex 
molecules it is worth while lecalhng the theory of Ritz which was 
extremely successful m accounting not only foi Balmer s series 
but for many othei spectial senes and foi the positive and negative 
Zeemann effect Ritz postulates a magnetic field peculiar to the 
atom of definite stre gth whose axis s along the axis of the valency 
election s orbit to which it is ngidlv attached The ongm of the 
field is not dealt with by Ritz m any detail but it ma) be con 
ceived of as being due to a special xotat ng election whose orbit as 
smallei than that of the valency election It has indeed been 
identified bv Zeemann with Weiss magneton In Older to ac 
count fox the magnetic lesolution of ceitam spectial lines Rit/ 
assumes a piecessional movement of the magneton and sug 
gests as an explan tion that this mo\ m^nt may be caused 1 y free 
electrons m the matenal piojected into the intense magnetic field 
neai the ato If an election behaved thus it would describe a 
helix round the axis of the field its electrostatu effect on the 
charged magneton m the atom would be to start pre essional move 
ment m the opposite direction to its own 

The Bohr model atom built up as it is by a combination of 
the experimental results of Rutherford with the concepts of the 
quantum oi unit of action and accounting as it does with great 
perfection for the Balmer senes of hydrogen ai d foi other atomic 
series discovered i i the stars is not to be discarded lightly Never 
theless if it is to repiesent even an approximation to reality it 
ought obviously to account for the facts of magnetism at least as 
successfully as it accounts for those foi radiation As things are 
at piesent the Bohr atom and molecule without modification do 
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net do so and I think it is clear that physicists must face one 01 
otliei of the alternatives just enumerated 

So fxi th° general trend of research leads to a belief m the 
c 1 mentary magnetic unit The question arises what are its dimen 
sions 2 Is it of the older of magnitude of the atomic group such 
as would foim th^ unit of uchitcctuie m crystal structure 01 is it 
of atomic dimensions oi is it sub atomic that is of dimensions 
somewhat luger than the nucleus itself I ut smaller than the dis 
txnce between the nucleus and the nearest valency electron ? A 
ceitam amount of dneot eviden e has been obt lined recently by 
A. K Compton and Rogulcv m these points They find that th^ 
Laue difti xction pattern obtained through x feiiomagnetic crystal 
ls unxflro ted on magnetisation They also show that the intensity 
>f x beam of X i xys tefl cted fiom a crystal fact of magnetite 
does not change on magnetisation of the eiystxl If magnetisation 
shifted the \ om as x whole including the valency eh etion rm & s it 
clxim cl thxt tlic leflocted X 1 xys would changed m intensity 
1 ho conclusion is thxt th ck mental y mxgnet is ically sub tomic 
and is x oc ated pc hips w th tlic nucleus peril ips with the im & 
lection of Parson 

I xpenments on sexttenn^ o± a pai tides m magn tic mxttei 
!ic uld ilxiously be of gieat impoitancc m connection with the 
d tci min if ion of th xistence of special stiuctuies m the magn tic 
t )U 1 

S >mc xti\ int icstin & ic suits hav lecently been obtained bv 
Sn Allied Liun & which tin w fiesh light on the process of m^g 
n tism m i feriom x^netic solid rwm to s original ma ft i t c model 
it will be i member ed regard d the molecule as being the na & nctic 
cl mint In the light of recent woxl lie now conceives th ma^ 
nctic element tc reside in the atom and to l e distinct fi >m thos^ 
hcti ns which are immediately i sponsibl for chemical xction — 
th so tiled \ xleney elections 1 he Webei Flement xs tlic 
ultimite magnetic entity mxy b< termed is possibly an electron 
< i bit xs ocixteel with the nucleus m any exse it is supposed cap 
ible t i txtin^ relatively to the atom as a whole (xnd indepen 
dently f it) unde i the influence of xn applied field The valency 
m^s ilt lx m_,h fixed te 1 xtively to neighbouring atoms nevertheless 
xeit in cl etio mx^netic control on the Weber element as it fur ns 
vhich ^tves tlic latter x t< itam feeble stxbility When an oxter 
n il field is applied at first (fox very small fields) the Weber element 
lotate s to a very small amount and the rotation is leversrble 1 e 
if the fie Id is removed the element returns to equilibrium For 
1 ugn fields instability oceuis and the Weber element swings over 
into x new < quilibnum position governed by geometrical factors 
by the control of the other parts of the atom and by the value 
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of the external field itself During this piocess which is not i 
versible theie is of course dissipat on of energy 

These ideas are illustiated by models of which one is shown 
diagrammatically m fig 13 4 AAA aie bar magnets lepr 

sentmg the valency electrons at the corners of a cube which thus 
exhibits the cubic ferromagnetic crystalline structure The space 
lattice of iron is th<° centred cube and it is imagin d that a cone 
spondmg grouping of the valency electrons exists in the atom itself 
The central portion W which is supported on a needle point (not 
shown) represents the moveable Weber element [t consists m the 
model of 4 bar magnets lying along the diagonals of the cube vith 



then poles as shown thus W takes up the position of equilibrium 
indicated m the figuie when there is no external field There is some 
stability m this position and if an uniform magnetic field acts on the 
atom W at first is deflected reversibly but soo i when the fir Id 
is slightly increased tumbles over into a new position of equilibrium 
It is evident that the W eber element possesses a magnetic moment 
and that the axis will turn (subject to sudden unstable jumps) 
into line with the applied field as the latter is increased By 
calculation based on the model Ewing has obtained results not 
onl^ m qualitative but m quantitative agreement with the known 
phenomena of magnetic induction in iron and nickel In fact 
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complete H B curves have b»en leproduced with numerical v lue 
for H and B and for the coercive force m excellent agreement with 
values for u on It will be noticed that the conception of a struc 
ture associated with the atom which pisses from one position of 
stable equilibrium to another with dissipstion of eneigy m the 
manner indicated at once suggests the process leferred to by 
Whittaker and described t the end of Lecture III Suppose for 
example we imagine the Weber element to have no magnetic 
moment This could be attained by arranging all the north poles 
m the hub We should then have a picture of an atom of a ferro 
magnetic clement as it might be supposed to exist xbo-ve tin 
critical temperatu e If now an electron appioaches the atom 
from outside W would be deflected and i^ the eneigy of tin 
bombarding electron is just great enough all the energy would lx 
absorbed by the atom and W -would pass to another position 
of equilibnum During the process it would oscillate and ndix 
tion would be emitted the energy associated with which would 
bear a precise relation to the lmtid energy of the bombarding 
electron As Ewing points out however when a single line spec 
trum is pioduced it is perh ps moie probable that the bombaidmg 
electron merely sets the Weber element oscillating about its original 
equilibrium position without producing displacement to a fiesli 
stable equilibrium position The quantum of radi ition on this ide i 
would be determined by the amount of eneigy given up to the 
tom by an electron w hich passed completely thiough the itom 
The photoelectric effect would be caused by the Webei element 
being set into resonant oscillation by lignt of the conect pcnoel 
when sufficient amplitude hid been attained an electron would lx 
emitted depnvmg the atom of a quantum of energy by reason o 
the angular impulse exerted on the atom stopping the oscillation 
When we come to consider the way in which the magnetic 
properties of the elements depend on the atomic weight [ox tlx 
atomic lumber] some indirect evidence is obtained that citliei tlx 
electron orbits of the more complex atoms are in diffet nt planes 
or that the elections in certain orbits ar rotating m x contiaiy 
sense to the remamdei Otherwise the t would b steadily in 
creasing magnetic susceptibility as the complexity of the elc rnent 
increased That this is not the case is shown quite dr finite! \ in 
fig 14' in which the specific susceptibility is plotted again l th 
atomic numbers of the elements 


l Taken f om a paper by Harl ns and Hall e© Refe ence below 
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TECTURE V 


The chemical evidence Rutheifoid s experiments and many 
other converging lines of thought render it certain that the hydro 
gen molecule is the simplest form of matter w hich we can directly 
observe in our laboi atones 1 It seems na uial therefore to 
examine m some detail what kind of model hydrogen atom con 
foimmg to the limits made clear by a ray scattering experiment 
best satisfies the observed spectral and magnetic phenomena 
Latei on in logical advance it will be necessary to pay attention 
to the vital question of as&ociation of such model atom to foim 
molecules thus we shall be led through the more complex asso 
nation of atoms of different kinds to the supreme test of any 
atomic theory the necessity of accounting fo , ~ chemical valency 
Bearing m mind the fundamental experiments on a ray scattering 
I propose in the first place to review briefly the more important 
hydrogen atom models which have been proposed of recent years 
Since atomic hydrogen has not yet been utili ed foi experiment 
at least on the earth oui direct knowledge of the behaviour spec 
tial 01 magnetic of gas composed of dissociated atoms is ml we 
can only infer indirectly that certain observed spectral series are 
really due to the atom as distinct from the molecule Conse 
quenfiv any apparent success in atom synthesis will be dis 
counted if at the same time the model proposed fails -satisfac 
toiily to combine with its own kind and produce a molecule Evi 
dmee which I hope to bung forward in the final lecture together 
with that afforded by the Rutherford experiments indicates that 
the hydrogen atom is a structure m which a minute massive 
nucleus positively charged is m association -with a single negative 
electron and that the net positive charge on the nucleus is equal 
to e the charge on the negative electron There is as yet no con 
elusive evidence that the H nucleus is really the positive electron 
oi proton it may be a more elaborate structure Neither is there 
so fai as a ray scatteung experiments go any direct evidence as to 
whethei the negative electron is in dynamic equilibrium with the 
nucleus that is rotating orbitally round it 01 whether the negative 
electron is held m static equilibrium 

It is realised however that m the present state of oui 
knowledge regarding the forces inside the atom an orbital or dy 
namic equilibrium of some kind must be postulated otherwise 
ti e negat ve electron would fall into the nucleus By assuming a 


1 It only qu te ecently tha atom e hydrogen 1 as appa ently been solatod 
by K W Wood 
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special structure for the negative electron itself tlm difficulty may 
to some extent 1 e met and this possibility will l e referred to again 
later but with the ordmiry conception of the neg itivc electron it 
would ippeai that in such a simple structur as the liyd ogen atom 
we aie faced with x limit xtior imposu g some kind ot oibital 
motion with which we do not necessarily meet when dealing with 
noie complex atoms The lxttei with then lxr-ge complement 
of electrons might possibly be in a condition of stat c equilibrium 
it is impossible to see how the hydrogen atom with its ingle elec 
tion can be 

With these general considerations in mind let us see to what 
extent a hydrogen xtom consisting ot a positive nucleus and a 
negative electron m orbital motion round il fits the observed 
facts 

It must be idmitted at once that such x system undei 
Newtonian laws doc snot fit the facts xt all An election revolving 
in an oibit s subject to transve se acceleration and therefore must 
xdiate c iei & y i was noted m the first lecture As it ladiates 
the total energy of the atom changes and therefore the frequency 
of the radiation kventu 11 y as suicly as though it were not m 
nbital r station the election would fall into the central nucleus 
Thus a gas made up of atom of this kind even it the latter were 
associated into molecules would under suitable stimulu emit 
xdiat o i of ill poss ble frequencies and would sho v a conti mous 
spectium mcl not sharp line as xie actually obseived 

Shx p lines dc nand eithei a constant radius fo the election 
ibit or that the radius should have a nun ber of po ible stable 
lahie to huh it could jun} n tantan ously 

N n no p > sil le ippl cat on of Newtonian dynamics ca l 
recount f r d scontinuities of this nxtuie In irdei to t econc le 
the diffi ulty Boll 11 191 3 nade the suggest o i that the angular 

h 

m mnntim t the election is alway equal to r ^ where is an 

mt ^c r (e the 1 w i etc ) and h is Plancl s constant Thus the 
st lipti i t Bohi amounts to a statement that f the a igular 
nom it i f the atom changes it can only do o by jump That 
s the i i^ il m nrentum if lection orbits can hx\e the v ilue 

i ; > 7 > 1 

1 y — - o 2 x — - o > x — etc 

2tT 2 7T 7T 

It is th negative energy of an orbit then from the conditions 
t > i e ucul ai orbit , 

w=\t£ 

2 a 

\ Ik it is the charge m the negative electron D is the net ch ugc 
on the p isitivi nucleus and a is the oibit radius Also i * O is the 
4 
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Tngular momentum of the or)" it m the mass of the negative elec 
iron and its angulai velocity ve have 

£2^=27 rm a 

2?r m a 

77 

_ m ( 2 ? ra ) 

77 CD 


the kinet c eneigv 

7TCD 

w 


If the negative energy of the orbit is calculated it is found that 
on Bohr s assumption 

TT 2? r me E 

n — — 

t h 

h 

a ~4 meE 


4 77 meT 
h 


Thu by giving integral values to we get perfectly definite 
values foi W a oi w 


For example a must have the values 1 X ~ < i 4 x 1 hi 

4 weF 


or 9 X this and so on 

Thub there can be hydrogen atoms of each of these si/cs 
If r=l wc find the diameter of the hydrogen atom ^ a is 
I0 -8 cm which agrees with the accepted value Bohi sbumes 
that on occasions a xadius may shrink from a value given by r = 
to a value given by T = When this happens the ch if 

energy 


SW = 


2 77 me E 
7? 



and this is supposed by an additional assumption to bo the cqui 
valent of absolutely monochromatic oad'iation and exactly <qual to 
1 quantum of nergy which is emitted from the atom during th< 
change of orbit 


Thus 


MF= =h 


2rr me JS7 I l 

h L” 


1 


] 


_ N 



whence 
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Tlieie will thus be \ mous po sible frequencies m the emitted 
radiation 

Theie ■will be a senes = l whose lines will be given 
-2 3 4 etc and a senes =2 whose lines will be given 

r =3 4 5 etc Foi hyd logon where E—e and taking r =2 

we have = a, | _ L ~1 

L4 3 4 or 5 J 

which xeiy exactly cxpi esses the fiequencics of the lines m 
Balrnet s senes A is Rydbeig s constant its calculated volue is 
i 26X 1() 16 wlnle the vxluc obtxined by oxpc iment is 1 ^6x 10 

Othoi sc lies cor espondm^ tc T 1 = and T ~ 3 have been di 
covered 

Theie is evidence that in the stxis time nny be hydio^e i 
\ toms ot dimensions 1000 times tbit of the noimal xtom 

It is mteie tm^ to note th t on Ncwtonna dynamics Rydl eig s 
constant (N) wh ch appeals to be a umveisal con tant cannot le 
7 uilt up if tin unncisil const xnts o m xnd V the velocity of light 

But on the quantum theoiy \ - — s h s also xvxilxble uid 

h 

it is possible to build up entirely m univusil c instxnts if h s 
one of these 

'llio tluoiy of -Bohi xccounts well foi the noinixl lieliu i 
spectium indies perfectly foi the I it l ui l specti um (itom will 
nuclc u clixigc -f- 1 ) 

Th Ruthcitoi 1 hydio^en tom with tin - electi n in or! itil 
notic n tig t lie i with quxntum issumptions s ms thus t ice unt 
f u evciy thm^, t\ pt the obseix d m^n tic quality \ t d> n t 
1 n )\v h)\\<vci n whxt mmm itomie H w mid. 1 c h xvc nix^ntt 
lc xlly 

Vs I hut shown it may I n ussi y to post Ixte spe il 
tiuctu t (mi^neton) oi x i itatm^ ncutixl doul let oi x xotxtin^ 
illicit u m oidcL to x count foi diimxgnetic xssoeixted liydiogen 

In xdohtion to tli< se investigations m the atom 33oln his 
\ amine d tlie equild num of two such atoms when they xppioach 
cue incthcr < 1 s lv uul indie itt s how si xbility would be xttamed 
iindei pure I\ el c 1 1 < stiti foi res in a moltcul m winch the negx 
tivt cJccti n lie it pposite nds >f x dixmetci in x lommm 
t i bit 

H is tints ibh t i xc runt foi the net css xiy association of tw 
itoms t< I um x molecule 

It fits xJ c xdy been shown in lecture IV thxt rotxtion of tlu 
nucleus it s< If would iccoidm^ to Hondx nd Okubo endow x 
mole e ill <t this 1 mcl with divma^netic quality 

L u on hi su^e steel tlixt mxny difficulties wlncli aie expe 
ricnecd when the mem complex atoms are examined may be met 
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by replacing the ordinary negative election by the Ring t lection 
which has already been described Stationary electrons are then 
possible 

Although Paison s atomic theory has been concerned chiefly 
with valency phenomena and has met with considerable success in 
regal d to the p riodio law of the elements yet if there is any truth 
m the conceptions involved the theory ought to be capable of 
explaining the piopeities of the hydrogen atom and molecule In 
the case of thi<* simple atom the ring electron which it will be re 
called can be of any diametei is regarded as suiroundmg the posi 
tive nucleus There 1 evidence that no rid ntion loss occurs m 
these circumstances It was shown that in the ring electron 

the total angular momentum = i- N N 

wheie A is the numbei of magnetic tubes 
and A electrostatic tubes 

If now we identify the natural unit of action or angular 
momentum ~ with this electron we got 

2ii r 

h=N N 

If further A =e the natural unit of charge then 



e 


which is consequents 4 12xl0 7 FMU Iheie is the efoic the 
possibility of reconciling this atom with Rohi s theoiy and 
Planck s radiation formula 

Sn Joseph T1 omson by assuming a change m the law of force 
within the atom has shown how stability of a rotrtmg electron 
can be attained on the principles of classical dynamics rlone It 
& to be borne m mind that Rutherford s experiments do not com 
pletely exclude the possibility of a chmge m the law of foice at 
small distances though othei interpietations of his results appear 
more plausible 

It has already been 1 ^marked that there ire two distinct 
ways of approaching the problem of atom structure one by ob 
serving and classifying the automatic records (spectrr etc ) ind 
the othei by direct experiment ( and ft ray scattering) 

Similar to the method of spectra observation is that of chcmi 
cal obseiv tion and chemists of recent vears have urged that it 
is at surd for the physicist to bufld up an atom however mgrnious 
and successful m other directions which fails to explain, it least 
the essentials of chemical pnenomena of which there is an enox 
mous mass of classified data On these lines i striking departure 
from the orbital atom has been developed by Lewrs and later by 
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is frequently S and nevei more than S The valency is called the 
pol ir numl ei 

An from on this theoiy is built up of — 

(1) a kernel possessing an e\oe s of + oh ago equal to the 

oidmal number m the Pen die Tabic gioup 

(2) an outei atom oi shell the number of elections m which 

is equal to the excess positive charge on the keinil 
uhen the atom u> neutial but may vary dunng chcnu 
oil chang between 0 and S 

(3) the atom tend to bold an e\ n number of elections in 

its shell especially S which are anangtd on the cot 
neis of a cube 

(4) two atomic shells can mterpenetiate 

( r ) electrons can easily pass from one place to mot hex m 
the shell But they aie held b^y consti unts which 
depend on the natuie of the atom 
(6) electi c fo ces fox veiy ne i electrons do not obey the 
imeise square law 

Both on this theoiy and on th it of Paison using the nn^ dec 
tion the conclusion is that the most stable form foi the itomic 
hell is one m which S elections are held t the come s of a cube 
W hen atoms combine they usually hold ceitnn elections m 
common (- Sections for each chemical bond ) 

Langmun has modified and extended Lewis theoiy 
The pnmai^ postulates of the theory aie these — 

Postulate 1 — The elections aie ai ranged about the nucleus in pans 
symmetrical with respect to the equatonal plane They are 
symmetrical with respect to a polai axis and have second 
ary plane of symmetiy pas mg through the polai axis axid 
making angles of 4 r with each othei The total number 
of electrons equals the atomic numbei of the element 
Postulate 2 — The elections occur m shell whose me n radix aie 
as 1 2 * 4 and who c surfaces are consequently as 

1 > 3 4 

Postulate 3 — F ach spherical shell i divided into cellular sp ic s 
The cells occupy equal areas m the shells all cells in any 
atom have thciefoie equal \ olumes 
The 1st shell contain - cells (by dividing the shell by tilt 
equatorial plane) 

The 2nd shell (4Xthe surface) contain b cells 
The 3rd shell (9Xtlae surface) contains lb cells and so on 
Postulate 4 — In general each cell can contain 2 elections but the 
innermost shell contains 2 only 

We cannot add electrons to the outei shell until all inner shells 
contain their maximum number of electrons 
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-Fheic u st vo a>l additional postulat s the moie important of 
which T quote fiom Langmun s memon 

Pistulatt — It is assumed that electrons contained m thes ame 

ell are nearly without effect on each other But the elec 
turns m the outside layer tend to line themselves up (m 
i ladial direction) with those of the underlying shell because 
it a magnetic field pi ob ally always to be associated with 
(lcctr)is bound m atoms (Paison s magneton theory) 

I his attraction may be moi< m less counte acted by the 
(lectiostato ic >ulsion letwecn the out ide electrons and 
Ihost in the underlying shell The ele t ons in the outside 
I > o als i ic pel < ach othci and thus 1 nd to disttibut them 
sches imon b the available cells so as tc 1 c as fai apart as 
I assible The aetual positions of e yuilil uum dep nd on a 
balanc< between these time sets otfoiee togetlaei with the 
atti active foice exerted by the nucleus 
1 stul lit ( —When the number of electrons in the outs dc layei 
i small the magnet c atti action e xt ted by th< elections of 
the mnei shells t nd to p edam aate ivei the Lect rstatic 

l pulsion but when the it >mic numl i ind the nu n er of 

elections m the outside Ja> or mciease the electrostatic forces 
uluilly become the ontiollmg factor \s a result when 
theu are few elections in the outei layer these ail nge them 
h(s m the cells ovci those ot the unde 1> mg shell bit 
vhci th utside layei 1 cgm to approach its quota of 
I etions the cells o\ i th undeilym^ lecti m t nd t 
uinun empty 

Ic tul it ^ — The p opcitusof t lie atoms aic Utcrimntd l v the 
numl ci and an ui to enicnt t elections n the out ide layer 
and the ease with win h the> arc ill t i eve it t loie 

st )\ 1 fot ns by ln^, U}) i tal i up electi >ns n by 

sharing then outside elections with terns wrth wine i they 
com! inc The t ndencics to rcvei t totheloims repie ented 
b\ the atoms of the inert gases arc the strongest 1 ufc there 
uc i tew cthei founs of hi^h symmetry such as those 
i responding to cert am pos Lblc f >ims at mcl el palladium 
erbium an 1 platinum atoms toward winch toms have a 
w al c i tendency to i eve it (by giving up electi ms only) 

It is assumed that in i ell tire t\v electi ns i c at cliffcient 
distances from the nucleu I ch slu 11 the retoie consists af tw > 
layn which miy be called 

I IX 11 III III and so on 
Helium c nt uns 1 layei 
Neon - layei s 

Argon 3 liyers 
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Krypton contains 4 layers 
Xenon 5 layers 

Niton b layers 



Therefore the number of cells arranged m /ones is always a 
multiple of 4 and we get tetragonal symmetry for thr inert gases 
The idea of the cell which is regarded as having an independent 
existence independent of the electrons m it is related to Bohi s 
assumption of stationazy states The passage ot an electron fiom 
one cell to another is conceived to give n&e to a pectral line 

It is therefore only by a reairangement of electrons caused 
by an interaction between atoms that Postulate 4 can be fulfilled 
This is the basis of chemical action 

Let us now consider how the application of the Postulate 
enables us to picture the external structure of the atoms of the 
inert gases and to what extent agreement with the Periodic 
System is attained 

Hydrogen has atomic numbei N = 1 and the atom possesse 
one electron By Postulates 1 and 7 it is uns"\turated and tends t 
take up an ele tron and become symmetrical Helium Hydrogen 
valency is therefore unity 

In Helium (N=2 ) the first shel is complete with its 2 lec 
trons 

In Litlium (N= 3) the extra electron must go alone into the 
1st layer of the second shell II The electron is easily de 
tached and the atom is thus a univalent cation 

If all the cells of shell II weie filled by elections wc should 
have the Helium structure plus 8 electrons m shell II at thi 
corners of a cube l e an element with atomic number 10 which is 
the next stable inert atom Neon There will be some shortening 
along the polar axis owing to the two electrons m shell I Aigon 
the next higher inert gas has an additional 8 electrons which com 
plete layer II b The maximum valency of an element is thus 
determined ny the number of electrons which would be given up 
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if the atom weie to levert to the structuie coiresponding tc the 
next lower inert gas 

For instance up to N= 17 the maximum positive vxlency m 
creases regularly up to the halogens (with the exception of Oxygen 
and Fluorine) Tn the case of caibon there aie 4 electrons in shell 
II and these can xnange themselves at the coiners of a tetia 
hedron With mtiogen no symmetrical anangcment of the 5 elec 
trons m layci IT is possible This as is shown by Lingmun 
leads nitrogen to form a sc lies of very unusual compounds There 
is m irked contrast between the const int vxlency of caibon and 
the variable valency of niti ogen the high meltn g point of ear 
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ben and Ihe low mcltui^ point ot mtio^cn the stibility of cirbon 
compounds md the explosive piopcities of many nitrogen com 
pounds Pi tc the fiist Long Period beyond Argon (which is 

stal le and nett xnd his all its cells filled with elections 16 m 
iddition to the 2 which foim the Hel am basis) eve came fust to 
Potxssium (iV— 16) md then to C xlcnim (jV=_<) ) Hcie the 
third shell is just b h miiin 6 xnd the piopcities ot those two ele 
ments aie similxi to tli piopcities of sodium magnesium and 
xlummium which immediately follow the inert xnd saturated 
ne on 

On these lues x me st lemul xblc nunilu of tlu chemical 
pioperties of matter xre satisfactorily accounted for as also in de 
tail the variation m pioperty xs we pass up the Periodic Table 
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Atomic Numbers vnd Ytomio W-Dighis o h Luna ln 


Atom c 
Number 

Ele enfc 

1 

Hyd oge 

2 

Hel um 

3 

L th um 

4 

Beryl u 

*j 

Boron 

6 

Ca bo 

7 

N trogen 

b 

Oxyge 

9 

riuor ne 

10 

Neon 

11 

Sod um 

12 

Mag es u 

13 

Alum n u 

14 

S 1 co 

Id 

Phosphoru 

16 

Sulphu 

1 

Chlor ne 

18 

Argon 

19 

Potass u 

20 

Calc um 

21 

Scand u n 

22 

T tan um 

23 

V anad m 

24 

Oh om u n 

26 

Manga ese 

26 

Iron 

27 

Cobalt 

28 

N ckel 

29 

Coiper 

30 

Z nc 

31 

Gall un 

32 

Ge man un 

33 

Ar en c 

34 

Selen n 

36 

Bro n ne 

36 

Krypton 

37 

Rub dun 

3b 

fotront m 

39 

Yttr um 

40 

Z rcon um 

41 

N ob um 

42 

43 

Molj bdenu n 

44 

HI uthen um 

45 

Rhod um 

46 

Palad um 


69 9 
2 5 
74 J6 
9 2 
79 92 
82 92 
4t* 

8 63 
88 

90 16 
93 

9 C 0 


101 
102 J 
106 


Aton c 

1 Aton c 

3 len e t ^ 

•Vto c 

We ght 

Numb | 

1 We fc l t 

1 008 

4 1 

fe l\e 

10 8b 

1 90 

4b 

Cadm 

1 1 40 

6 94 

4 ) 

lad 

114 b 

9 1 

50 

T n 

11b 

11 0 

1 

Ant no \ 

] 20 

12 0 

2 

1 ollu x n 

1-7 

14 01 


Iod le 

1 ( L 

16 00 

d4 

Xeno 

J 30 

19 0 

5 

Cae u n 

1 12 8 L 

20 2 

ob 

Ba n 

1 57 i 

23 00 

0 

La th 

JDO 

°4 32 


Ger u xl 

J 40 2 

27 1 

kJ ) 

1 raesody n um 

140 ( 

28 3 

11 04 

60 

bl 

Ne dym un 

144 1 

32 06 

62 

Sa na un 

10 4 

35 46 

63 

Lu op ui 

1 1„2 0 

39 88 

64 

Godol u 

I 1^7 1 

39 10 1 

bu 

le b n 

1„9 2 

40 07 

66 

1 P>yp os 

1 162 

44 1 

6 

Holm um 

163 

48 1 

68 

1 rb u x 

16 

61 0 

6 ) 

Th 1 um 

1 16b 

o2 0 

0 

Ytte b u 

1 1 i 

54 93 

71 

I tee n 

1 17 0 

o5 84 

72 

73 


! 

08 97 

Ta talum 

181 

58 68 

63 57 

4 

75 

Tu g te 

181 0 


7b 

73 

80 

SI 

82 

bl 

84 

bt» 

86 

87 

8b 

83 

90 

91 

92 


Ir d um 
Plat n x 
Gold 
Mercu 3 
T1 all 
I ead 
B & nuth 
1 olo a no 


101 1 
1 ) 2 
1 )7 
00 ( 
04 0 
^0 - 
20b 0 
10 0 


Dn a at o 


Ra 1 xi 
Act um 
Thor um 
XJran um X 
Ura um 


- 0 

2 ( 0 
227 0 
-*2 1 
0 14 0 
18 
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Havmg considered in some dot ail the 1 ind of tiuctim \\luh 
-we are led to assign to the atom is o result of observation on 
spectra magnetism and paiticle cattenng together with ^enc i il 
theoretical reasoning based on the phenomena ot i ldi ition aac m 
m a position to review some lmpoi lant lecent work on the l c 1 vtions 
between different kinds of atoms a-, tlmy occur m the iiimnsi 
Two lines of experimental research stand out pt edomm itel\ in this 
connection the first established a most remark rble 1 cl ition be 
tween the numbers of electrons contained mthe it oms ot elements 
of ascending atomic weight the second was concerned with i new 
and exceedingly accurate method ot comparing atomic weight ind 
led to the discovery that in all instances at present examinee! th< 
atomic weight of a real element is an integral numbei to w thin 
one part in one thousand and that fractional atomic weights is 
usally determined by the chemist are meiely e\idence of tlie exist 
ence of a mixtwe of two or more real elements 

Let us first consider the experimental work which led Moseley 1 
co his generalization concerning the numbei of negative elections 
m element atoms 

The iesultx emerged from an elaborate leseaich on the cliaut 
tenstic X radiation emitted by elements when exposed to Ron-, 
ton Rays It has been established for many a ear*, (since 1 90S m 
fact) that v hen X leys (of approximate aa ave length 10 c ms ) fill 
on a substanc e the following secondary pbenomi n a usually occur — 

(l) Scattered X radiation of all wave lengths is given ofi 
from the material 

(u) X rays of special frequencies (like the speci il fiequcn 
cies of spectral lines) aie emitted chaiacte istic of 
the material on A\hich the primiiy X lays fill 
(in) Some negative elections ire elected 
The pnncipal phenomena connected Avith chaiactei istic iadi i 
tion are Avell 1 noivn it is recognized that 

(a) the chai actenstic r diation is always le s pencil Um_ 
than the primary ladiation which excited it 

(h) The higher the atomic weight of the mitenal givm 0 tlu 
har actenstic ray the harder or more penetr iting are these 1 lys 
(c) Sometimes two linds of chai actenstic radiation an 
emitted by the same element -in any case two distinct types u 


1 11 e e to that tie t m n nba p e nted tl e n ml o of oxl I 

nogat ve elect on. nils ato n a f t made bv \ an le B o l 

The e e fcednetlat etlntokndaenttpl p 1 
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b3 

< >gm/ed by widely dxfftiuv "wc lengths xie well knoven some 
elements emit one type some the othei some vs [ have said both 
types I he two 1 inds we 1 nmvn xs the A ixctiition which is the 
men e penetiitin^ vnd the / i xelixtion which is softei The gxoup 
ot w x\ length tons ltuting the / i xdixlion is some eight times 
Imei then th t toimm^ the K type 

It we me isuie the ibsoiption eoethcient \ m xlummium 
(sty) ot the ehuut nstic ixdixtions tiom difteient elements xnd 

toim^wheie / l the d nsity t ilumimum we get th nns 

absotption c< tin lent tn tint puticulu i xdixlion 



fa 1C 


Lt is found on plotting A for the cliai xr tc nstic i xys tiom dir 

fcient elements i„ xmst the xtomic weight jf the element that the 
two gioups A xnd L lie on two quite definite curves which how 
clt xily the distinct nxture ot the diffeient type of ladixtion 
(1 u, lb) It is highly piobxble thxt the K and L i-xdntions tie 
emitted by quite distinct gioup ot elections in the stom the A 
type fiom a deep seated gioup new the nucleus the other bv 
an outlyin*, gioup nearer the surface of the atom 

Now elements aie transpirent to their own ohaiactenstic 
ladiations but i f the wave length of X lays impinging on a plate 
of any element is rather smaller thin eithei K oi J radiation x 
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maiked absorption occurs immediately below the tianspaienoy 
w we length This is most easily seen from fig 17 

These facts lead up to the special discoveries of Moseley which 
weie made possible by the well known phenomenon discovered by 
Laue and developed by W H and W L Bragg that X rays are 
diffracted by a crystal the crystal atoms acting as a space diffrac 
tion grating 

Moseley used a potassium fei rocyamde crystal and obtained 
the diffraction spectra of a large number of elements Confining 
our attention to the more penetiatmg type the spectia m most 
cases consisted of two lines only one of which was intense and was 
what had hitherto been lecogmzed as the K radii tion The other 



line 1 piesented of c, iurse a neighbouring and less intense group of 
waves of slightly smaller wave length which the crystal disen 
tangled Possessing the photogiaphs of these X ray linos which 
it will be seen from Fig IS increase m wave length from element 
to element m an exceedingly regulai mannei it is easy to find the 
fiequency of the X lay vibiation corresponding to each line and 
hence to plot N against the atomic weight of the clement No 

aery conspicuous pecuhaufy is to be seen on doing this save that 
the two van a les and the atomic weights increase generally 

togethex If houwei the elements ue nanged in ascendmq 
older of atom c weight and if they axe labelled 12 3 etc 
according to then serial numl ei m the list and if furthei these 




EEC TtTRi, VI 


gb 

atomic n umber s xie j. lotted ^ mist v/~ the it suit is most icmark 
able 

To within tlu limits oi iccurney with which is known the 



Thiel I nes are K rcLctLcLtzon, 
la is 


cut vc is setnt 1c i sti ujit line indioitm„ thnt is i linear 
fun t 1 in ot lh< itomi numb t f th tlcmcnt x “ m other 

wuds t nns in mthmetie d progression is tlu it nmc number in 
ere as( s 


5 
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It is uggested by Moseley and now generally accepted xs 
true that tox two elements 

\/ — nucleai chaxge on element xtom 1 
nuclear charge on element atom 2 

and tint the atomic liumbei actually represents the ml nuclei? 
ohaige of the atom The physics of the phenomenon is doubtless 
this that the vibrations observed axe from a deeply seated ^roup 
of elections nexi the nucleus that they xxe theiefore nr the veiy 
intense field of force due to the nuclear charge md that thin 
vibration frequencies natui ally form a me asm e of the magnitude 
of that charge 

It is accepted then that the atomic or Moseley numbci is tin 
net charge on the nucleus in texms of hydrogen and is thru. for < 
equal to the numbei of external non nucleai electrons m the rtom 
Moseley s lesult cxn be represented by the formula 

s/v = AN-h 

wheie A is the atomic number of the element and A and B xtc 
constants depending on the type of X l ay line employed 

We also deduce according to the results described above that 
the net nucleai positive charge^ the number of external electr ons m 
atom =Ne 

Let us now pass to the second senes of reseat ch.es to which 1 
rererred those connected with the atomic masses of the elements 
The line of investigation pursued begins with the discovery by 
Goldstein m 1886 of positively charged masses m a vacuum tube 
which proceed from a perforated cathode m the opposite direction 
to the cathode rays The theory of the motion of these particles i n 
a magnetic field is as follows — 



r g 19 


X 
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Li t tht particle chaige e mass m be moving along the X axis 
tnd Ut the magnetic field II be parallel to the Z axis Fig 19 a 
llien the force on the thaiged p rticle is ilong the Y axis and 
the equation of motion is 

d y rr dx 
m ~~ = eH — 
dt di 

the i cfoi e ^ cH dt + 6 

Ihete will be a smill deflection d m the Y Y plane Now v the 
ictual velocity m the pith is appiovimately 



it d is negligible 

tnc* 

d j dij dx dy 
dt dx dt lx 

list when 

o 

11 

O 

s 

h 

o 

II 

a 

Hence 

eHdx 

when i=l let the deflection be 

the n 

nv j — ^ ^ J eHdx ^ d% 

Put 

j Iledx = w id = 

then 

^ ^ J Hedu ^ lx = ^ win — ~~ 


i 

J H — J xlledx 

and 

mvy = l i Hedx— i vHedx 



thd cojsrsLrruixoN or ahth r 


vvheie A depends only in the held and the distance tiom the point 
if piojection at ay Inch 1 / is measured 


In xn elcotiostitic held a (Tig 1) b) 




giving 


where 


1 

m 




and is independent of charge miss 01 velocity If the he Ids xu 
simultaneously applied and aic peipe ndiculat to one anoLhci 

y = — A z = B (1) 

rm mv 

and - = L (-) 

w z A 

» - y - x ( *) 

z 1 

If theietoic a stream ol particles of different values foi — a < 

sr w 

projected with different velocities along the X axis and tall on a 
screen they get sorted out All particles striking the same point 

on the scieen must have the same speed and the same — 

m 

Thus if we know the deflected position for 1 particle or gxoup ot 

particles \Ye can get v and — . from equations (2) and (3) 

w 

It is lear that for particles of fixed v — is constant md ill 
_ 7 

such particles lie on a straight lme through O the undeflectod posi 

tion Fig 20 For particles of fixed — (sime kind of particle) ~ 

w 

is constant Thus all such particles he on a parabola with vertex at 
O There will be one such parabola for eich kind of particle and the 
velocity of the particle which strikes at P is proportional to tan $ 
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Thus ma e<? could be complied by measuring tlie oidmates 
of two paixbolxs foi the sunt va.hu of ?/ provided the particles 
hid the srme chugc 
lot instinct m 

6 

Sa __ m 

Sb ~~ 



Plus w is tlu m th< d employed b\ Sit J J Lhomson whe 
obtained m enormous am >unt rf inf nmrtion t ret nin & the types 
of positively eh \r^< d dims f matitt m tubes cont unm^ dittexent 
gaats 

Ast >n took up the problem of tiym^ tc ^ct x much hi h< t 
piccisi >n m the measurements Pile chief practical difficult\ is to 
obtain t sufficiently thin paiab tlx for recur ite measuremc nt ot the 
oidmates When by stopping down the be am ot i ays the pair 
bola is made very fine the los of intensity is so great flirt the 
parabolr ceases to be visil lc on the plrtc Aston developed a 
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method for focussing the spot so as to give a leal positive lay 

fff 

spectium where deflections are proportional to — and independent 

€> 

of v over a certain range The secret of his expenmental success 
in this very important work was the employment of parallel 
instead of crossed fields The puncipal of Aston & method is shown 
m figure 6 

The lays after passing two special slits S and S Fig 21 
traverse (as a narrow libbon) the electrostatic field and are spread 
out thereby into an electric spectrum A limited width of th 
latter is selected by the diaphiagm D and passes the magnetic 
field (produced by pole pieces of circular cioss section) which 
deflects the portions of the nairow electric spectrum m the opposit 



direction The spectrum finally falls on a pliotogiaphic plate at 
FG which is placed at the focus oi position of minimum width 
of band Naturally the whole an angement as indicated is enclosed 
in an exhausted vessel at the back of the perfoiated cathode 

Take the electric and magnetic fields Z and H parallel and 
remembei that now equations (1) become 

g 

a = — 4 and S = b 

mv mv 

where 8 and 8 are the linear deflections pioduced by the magnetic 
and electrostatic fields respectively 

Then from the geometry of the figure it is easily shown that 

4 = bu aid B = ?-Z 
2 2 
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whei I ib th length ot the path of the lays m the magnetic field 
ind f in the length ot path m the electric held 

Hence toi bmall angles if 0 is the angle thiough which the 
be un is bent bv the held Z and <P the angle through which it is 
I c lit by the fie Id H w< li we 8=7/ Q and 8 = Lf <j 


tint 


e 

ni 


6 

l iz 


uid 


mi) 


JL 

■ LB 


Llms Ot and <pv are constant (foi the &mall range let thiough 


I v th 


di xplu igm) for xll rays of fixed — 

m 


S t \\< ha\ c 


$v = const <pi = con t 


dt i d(p dv 
— and — + — = 0 


dO 


= 2 


l l l 

4 


I 


I I I I f 


I 1 A 


Ne 


tn ko co 


i I I 


1 1 II 


I I 



r a 


un 

ro cO 


Jifci 


thoief ic 


dO 20 


wlun tlu velocity vanes m i group ot given -• Liu problem is 

m w t > find tlu brexdth of the strip or ubbon of particles nd to see 
when this vinislus This position gives the focus ind the plate is 
placed it the focus tor instance at F 

The lit xdth at O s bd6 where 6 is the distance tiom O to the 
e ntic of tlu electrostatic field At a distance? from 0 the l icxdth 


= 6 1$ m( ft) + dp) 

-"O- (■ *1)] 

I hi is shown to vanish when 


= (</>- 26) = 2 bB 
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or refeiicd to avts OA O) thi focus c ooulnutcs ui ; cos \ xnd / 
sin x where x = ( P ~ 2<? ) 

so the foci he on a sti light line Gh parallel to O Y l he field c m 

be adjusted to use the brightest part ot tlio clcctnc Hpcctnmi ml 

values of — are represented by the vxnous lines xnd < %n Ik cc m 
m 

pared by referring their positions to those ot stxndaicl ck mints 
Since the method is a comparison of masses it is c I nl\ m 
cessary to have a standard known mass or masses to stxit \ntli 
An example of Aston s results is shown m Fig 22 
It must be remembered that the lines may be due to the it c ni 
singly or multiply charged (1st and 2nd order spectra) oi to tin 
molecule (nearly always 1st ordei) Oxygen and Caibon ^ivc cx 
tremely exact integral relations between thou atomic weights mcl 
this is evidence that they are pure elements Other standards 

are C (6) C(12) CO(28) CO (64) A s an cxxmpie of one cf tin 

first discovenes made by this method we may considei the t ist f 
neon whose ordinary atomic weight is 20 2 The mi s spccti 
gi am shows that neon consists of two isotopes of missis ind 
22 with a slight possibility of a thud of n iss 21 

Chlonne (35 46) hows no indication of a line xt 3 4( l at 

gives a group at 35 36 37 38 xnd two secondanes l'" r xnd IS 
Cl 3 and Cl 37 are regarded as the isotopes lines xt 3( rnd s 
being due to HC1 5 and HC1 7 

Nitrogen (14 01) gives the s ime lme as CH while its nu kcul 
gives the same line as CO 

Hydrogen (1 008) is a pure element 

Xenon has lines 12b 130 131 133 135 while 1 1 > pt on sh< \\s 
lines at SO 82 S3 S4 b C and a faint line 7S together with multiply 
charged clusters of the same relative xnten i y 

The 2nd oidei krypton can be compxrcd \ ltl n (40) 

with very great accuiacy 

The general conclusion which is to be dixwn fiom these c\ 
penments is that all masses atmuc or molecul u tic nent < i c< m 
pound are whole numbeis to vithm 1 pait m 1000 1 i icli ns m 

atomic weights aie merely stati tioal effects due tc th< nlitrvc 
quantities of the isotopic constituents (Aston) 

If a positive electron nd a negative elec tic n both tntci 
another nucleus an isotope results if only th< posituc election 
enters an element of next higher atomic numbci results (the 
■charge increases) 

The hydrogen atom on thi scale gives x mass 1 00 S it 
greater than unity This is piobably because electron! i^ru tic 
masses are o lly additive when at a distance when closely pxcl c cl 
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Now the odd elements are much less abundant in natuie tlixn 
the even elements a fact which suggests that odd elements uc 
less stable owing to the presence of the group just mentioned 
This entity (77/3) is clearly an isotope of hydrogen It his the 
same net charge as the hydrogen nucleus and n different m iss 
If it exists separately its atomic weight is 3 

\s has appeared from otliei evidence the helium nucleus pie 
sumably has the stiucture 

V fi 

1 e two positive charges and atomic weight 4 

Harkins suggests that ; /3 is arranged with the thiee Riotous 
m x chain and the two negative electrons rotating m planes par xllc I 
to the chain and m opposite ides of it The group rj ^/3 w >ulcl 
consist of an assemblage of 4 piotons at the corners of a squxu 
the two negative elections lying on eith< r side of the central group 
It is admitted that the elements of low atomic weight fall m 
to line with tli scheme just d scubed far better than those of high 
In fact above atomic numbei 28 the rules do not hold satisfactorily 
Harkins suggests as the reason for this failure that elements xl tvt 
28 aie practically all mixtures of isotooes The suggestion is bom 
out by Aston s more recent work 
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